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Preface

Springer’s Spine Oncology contains the expert knowledge base of our field’s
most experienced practitioners in the field of extradural bone and soft tissue
malignancy. We are passionate about spine tumors because of the complexity
of disease, multidisciplinary nature, collaborative approach, and potential for
life-quality-extending interventions in very difficult situations.

Since spine tumors are rarer than other musculoskeletal conditions, one
might hypothesize that research and advancements in the field move slowly.
Quite to the contrary, the care of spine tumors involves a complex interplay
between medical, radiotherapy, and surgical fields. Within each one of these
disciplines, small advancements occur on a regular basis, thereby opening the
door for parallel or symbiotic progress in other areas. This text is an effort by
our team to present the reader with a technology-forward state of the art in
each of the important sub-disciplines of extradural spine oncology.

We wanted the reader to gain insight into the treatment of a spine tumor
patient. As such, we created the chapters on modern classification, advanced
anatomy, imaging, and the concepts around multidisciplinary approach.
Further, we recognize that treating primary tumors requires very different
strategies than those used in metastatic tumors, and have devoted separate
sections to each sub-discipline. For primary tumors, the text covers both
benign and malignant entities and addresses unique anatomic zones such as
the sacrum and skull base, which require special technical expertise. For met-
astatic disease, we address the ever-important concept of prognosis and dis-
cuss how to answer the eternal question: “How much should we do, and for
whom?” We also explore the state of the art of treatment for the “big 5” his-
tologies (renal cell, lung, breast, prostate, thyroid), with a special chapter
emphasis on separation surgery and the now-standard combinatorial care
between radiation and surgery.

Although these topics are essential and shouldn’t be omitted from any
spine tumor text, our volume has unique features. We present an entire sec-
tion on evolving surgical technology which covers the use of minimally inva-
sive techniques, navigation, robotics, 3D-printing, and other evolving
technologies for spine tumor care. We also present infrequently considered
topics such as how to evaluate a lesion, which may be a tumor-mimic, and
how to think about economic value in spine tumor surgery.
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Preface

Our sincere hope is that this text will leave the reader more prepared to
approach difficult clinical scenarios with a thoughtful, collaborative approach
that leverages the best technology and thinking the field of spine oncology
has to offer.

Chicago, IL, USA Matthew Colman, MD
Chicago, IL, USA Kern Singh, MD
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Advanced Spinal Anatomy
and Applications for the Spine

Tumor Surgeon

Elie Massaad and John H. Shin

Introduction

There is a wide spectrum of tumors that affect the
spinal column, spinal cord, and central nervous
system. These include intradural tumors, primary
spinal column tumors, and metastatic tumors.
Intradural tumors may consist of intramedullary
or extramedullary tumors. Intramedullary tumors
are tumors that arise from the substance of the
spinal cord and include tumors such as astrocy-
toma and ependymoma. Extramedullary tumors
are tumors that are found within the dura, but do
not arise from the spinal cord itself. These tumors
may originate from the dura itself, nerve, or nerve
sheath. Examples of such tumors include menin-
gioma, schwannoma, and neurofibroma. The
anatomy specific to intradural tumors and their
associated surgical approaches are outside the
scope of this text.

The most common forms of tumor that affect
the spinal column are metastatic tumors. Tumors
that metastasize to the spine most commonly
come from the breast, lung, prostate, and kidney,
though any cancer affecting a solid organ can
metastasize to the spine. Because of the nature of
metastatic spread, these tumors may involve one,
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several, or multiple vertebrae of the spine based
on the physiology of the disease and can affect all
regions of the spinal column. This makes surgery,
when indicated, a challenge, as surgeons must
consider the morbidity of intervention and the
potential complications associated with the sur-
gery. The most direct access to the pathology in
the spine may also be the most complicated, so
careful consideration must be given to the
approach-related morbidity in the decision-
making process.

This is also true for cases of primary spinal
column tumors which are not as common as
metastases. With primary spinal column tumors
such as sarcomas, the type of surgery and the
extent of resection required differ significantly
from the metastatic patient. In these cases, wide
en bloc resections are often utilized to maximize
local tumor control and survival. A full discus-
sion of the surgical techniques for these types of
tumors is beyond the scope of this chapter, but
the conceptual framework is introduced, as it
helps establish the importance of understanding
why and when to consider the various approaches.

Spine tumor surgeries as a whole are complex
and require not only mastery with decompression,
stabilization, and reconstruction techniques, but
also an appreciation for the anatomy in each
region. In general, the spine can be approached
through either anterior, lateral, or posterior
approaches. The anterior approach can be more
challenging given the complex anatomy of the
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vessels, nerves, and internal organs in the field of
dissection. For these approaches, the spine sur-
geon is usually assisted by an access surgeon (head
and neck, vascular, thoracic, or general surgeon)
who can help secure access to the desired spine
level. However, it is critical that the spine surgeon
be knowledgeable of the anatomical consider-
ations of the anticipated approach in order to mini-
mize vascular injury, nerve injury, intraoperative
and postoperative complications. Communication
with the access surgeon is critical.

With advances in surgical technologies and
minimal access surgery, the lateral approach to
the thoracic and lumbar spine has made anterior
column access and reconstruction less morbid
while obviating the need for extensive soft tissue
dissection and resection. On the other hand, the
posterior approach to the entire spine is familiar
to most surgeons, is the cornerstone of spine
tumor surgery, and eliminates the need for an
access surgeon. In the proper clinical setting, a
number of different approaches can be utilized to
achieve the goals of the operation which are usu-
ally neural decompression and stabilization.
Given the myriad list of pathologies that affect
the central nervous system and spinal column, a
thorough understanding of the surgical tech-
niques, approaches, and their relevant anatomic
relationships is essential.

This chapter discusses the anatomy of the
most common approaches relevant to spine tumor
surgery and provides practical tips for the spine
surgeon.

Cervical Approaches

Each region of the cervical spine has important
anatomic considerations to consider. Whether
addressing pathology at the craniovertebral junc-
tion, the subaxial cervical spine, or cervicotho-
racic junction, each area has potential structural
“landmines” that can subvert any well-intentioned
and well-planned operation.

Anterior Cervical
The anterior approach to the cervical spine is
common in spine surgery and is familiar to most

surgeons, given the routine use of this approach
for degenerative and traumatic conditions of the
spine. Because of the direct access to the spine,
this is a versatile approach to the subaxial spine,
typically between C3 and C7. To perform safe
dissection and exposure of the anterior subaxial
cervical region, surgeons should be familiar with
the anatomic properties and surgical consider-
ations of the important structures in this region,
mainly the carotid sheath, trachea, and
esophagus.

The anterior cervical approach gives access
primarily to the subaxial cervical levels [1].
Transoral, transmandibular, and submandibular
approaches to the craniovertebral junction and
C2 are discussed elsewhere in this textbook. The
laterality of the surgical approach is decided by
the surgeon and may be influenced by the course
of the recurrent laryngeal nerve (RLN). The left
RLN has a more direct ascent in the tracheo-
esophageal groove compared to the right RLN
which has a more oblique course outside the tra-
cheoesophageal groove [2].

The anatomy of the cervical fascial layers is
crucial in the anterior cervical approach. The
cervical fascia helps compartmentalize the
structures of the neck. Most anteriorly, the
superficial layer of the cervical fascia surrounds
the platysma muscle [3]. The platysma muscle
may be either split longitudinally or divided in
the direction of the skin incision. Then, the
medial border of the sternocleidomastoid
(SCM) is identified. The SCM is retracted later-
ally to allow further dissection. The omohyoid
muscle can be also divided if it crosses the
plane of the dissection. This is most commonly
performed between C5 and C7. Dividing the
omohyoid in this region helps visualize the
lower cervical levels without excessively
retracting or pulling on the surrounding soft tis-
sue. When divided, it is not necessary to re-
approximate the portion of the omohyoid that is
divided, as it results in little cosmetic or swal-
lowing issues. The most superficial layer of the
deep cervical fascia is the investing fascia [2,
3]. It covers the SCM anteriorly and the trape-
zius muscle posteriorly. The dissection is car-
ried along the anteromedial border of the
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sternocleidomastoid muscle until the carotid
sheath is reached. The carotid sheath should be
carefully mobilized in order to minimize the
risk of carotid artery injury and cerebrovascular
events [4]. It is usually not necessary to enter
the carotid sheath and avoiding such will limit
the possibility of injury to the vagus nerve.
Particularly in elderly patients who are more
likely to have atherosclerotic plaque in the
carotid vessels, careful attention should be paid
to avoid excessive retraction or manipulation of
the carotid sheath. It is helpful to palpate the
sheath to confirm orientation in the field.

On the medial side of the dissection plane, the
trachea, the esophagus, and the strap muscles are
identified. These structures are covered by the
medial visceral layer of the deep cervical fascia,
also known as the pre-tracheal fascia [5]. The
RLN is usually posterior to the pre-tracheal fas-
cia. These structures, along with RLN should be
mobilized and retracted gently with caution in
order to avoid nerve injury [6]. After retraction,
the plane of dissection is bordered by the carotid
sheath laterally, the esophagus and trachea medi-
ally. The spine can be palpated, and the anatomic
level identified with intraoperative radiography.
Access to the vertebral body is obtained after dis-
section and mobilization of the prevertebral mus-
cles which are located between the prevertebral
fascia and the vertebral body. The sympathetic
trunk courses over the anterior surface of the lon-
gus colli lateral to the uncinate processes and is
often difficult to visualize [7]. Prolonged or
forceful retraction of the longus colli may cause
damage to the sympathetic trunk and produce
transient or irreversible Horner’s syndrome [8,
9]. The incidence of Horner syndrome is around
0.1-0.3% in ACDF series, but is far more com-
mon in anterolateral approaches [10].

For most anterior approaches for spinal metas-
tases, for instance, extensive resection or retrac-
tion of the longus colli on either side is usually
not necessary, as the goal of surgery is palliative.
In these situations, the anterior approach is excel-
lent for direct access to the disc, vertebral body,
and epidural space to achieve maximal decom-
pression, reconstruction, and stabilization. In the
metastatic tumor setting, the anterior approach is

typically used to address spinal cord compression
or pain from pathologic fracture or collapse of
the vertebrae.

In the case of primary tumors such as chor-
doma, however, extensive resection or mobiliza-
tion of the longus either at single or at multiple
levels may be required. In cases of large tumors,
this may be required bilaterally. In such cases,
because of distortion of the anatomy by tumor,
the sympathetic chain may not be readily identifi-
able. In these cases, the most concerning ana-
tomic structure is the vertebral artery. When
planning and preparing for such cases, it is essen-
tial to identify and anticipate where the vertebral
artery will be both proximal and distal to the lev-
els of interest. It is critical in any cervical spine
operation to know the location and course of the
vertebral arteries.

Posterior Cervical

The posterior cervical approach is considered
safer than the anterior approach because of the
absence of major blood vessels and organs during
the dissection and the relative ease of exposure. It
allows excellent exposure of the spinous pro-
cesses, lamina, and facets. The spine is exposed
after dividing and retracting the fascia of the tra-
pezius, latissimus dorsi, rhomboids, and the liga-
mentum nuchae. The paraspinal muscles are
elevated subperiosteally from the underlying
laminae, using a Cobb elevator and/or electro-
cautery. With this approach, decompression
including laminectomy, facetectomy, and instru-
mentation can be performed all through the same
approach (Fig. 1.1). Because a number of levels
can be easily and rapidly exposed with the poste-
rior approach, multilevel decompression and
instrumentation can be performed expeditiously.
In the subaxial cervical spine, lateral mass screws
are an excellent way to fixate the cervical spine.
Similarly, if the facets are not suitable for fixation
due to destruction by tumor, the cervical pedicles
can be instrumented.

Cervical Spine Vascular Considerations

Blood supply to the spinal cord is delivered by
two arterial systems: the anterior spinal artery and
paired posterior spinal arteries. In the cervical
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Fig. 1.1 (a) A 67-year-old patient with metastatic renal
cell carcinoma presents with severe neck pain, left arm
pain, and weakness affecting elbow extension. Axial T2
MRI shows metastatic destruction of the left lamina, facet,
and pedicle with epidural and foraminal extension. The
MRI shows complete obliteration of the neural foramen
on the left side at the level of C6-7, compressing the C7
nerve root. (b) The preoperative axial CT shows the extent
of lytic destruction. The lytic destruction extends to the

region, the anterior spinal artery receives blood
supply mainly from the vertebral artery and the
costocervical trunk [7]. It also forms arterial anas-
tomoses with the occipital artery, deep cervical
artery, and the ascending cervical artery [11].
The vertebral artery (VA) arises from the
right and left subclavian arteries. It usually
enters the foramina at the C6 level but may
enter at C5 or C7, and it exits the foramina in
the area of the transverse process of the atlas
[7]. The anatomy of the VA is very important in
cervical spine tumors, especially when consid-
ering embolization before surgical resection.
The complex arterial connections and anasto-
mosis between the VA, the carotid arteries, and

vertebral foramen on the left side. (¢) Postoperative MRI,
axial T2 image shows restoration of the foramen on the
left at C6-7 after separation surgery, tumor resection, and
decompression of the central canal and left C7 nerve root.
Cerebrospinal fluid is now seen in the central canal as well
as bilateral foramen. (d) Postoperative AP standing radio-
graph demonstrating the construct from C3-T2, all per-
formed through a posterior midline approach

the tumor arterial feeders can result in iatro-
genic intracranial vessel occlusion [12, 13].
Pre-evaluation of the vertebral arteries, subcla-
vian arteries, the thyrocervical and the costo-
cervical trunk by diagnostic angiography is
paramount before and during an embolization
procedure. Still, there are no clear anatomic
definitions or indications regarding the need for
permanent embolization of the VA and reports
of such are highly variable. Vetter et al. (1997)
occluded one vertebral artery by coiling in 23
out of 38 cervical spine tumors [14]. In con-
trast, Patsalides et al. performed very few per-
manent vertebral artery occlusions in a series of
49 cervical spine tumors [13].
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The key is to understand that embolization of
a spinal tumor is not without risk and one must
consider the true potential benefit of such inter-
vention. When obtaining a spinal angiogram, it is
helpful to elucidate the vascular anatomy before
embolization to minimize the risk of occluding
essential vessels such as the anterior and poste-
rior spinal arteries [15]. It is important to discuss
what the intended surgical plan is with the angi-
ographer so that if embolization is planned, it is
done in such a way that facilitates the execution
of surgery. For example, if an anterior or lateral
approach is planned for the thoracic or lumbar
spine, embolization of the segmental and feeding
vessels contralateral to the side of the approach
can be very helpful, as this is the side that will be
deep and blind to the surgeon.

Upper Thoracic Approaches

Supraclavicular Approach

The supraclavicular approach allows exposure to
the lower cervical levels and the T1 and T2 verte-
bral levels [16]. A transverse incision is made
above the clavicle from the midline to the poste-
rior border of the sternocleidomastoid (SCM).
The platysma is incised perpendicularly to its
fibers [16]. The external jugular vein courses
superficial to and obliquely across the SCM [2,
17]. The spinal accessory nerve runs on the pos-
terior aspect of the SCM toward its insertion in
the trapezius. Identification of the spinal acces-
sory nerve is necessary to preserve the function
of the trapezius muscle [18]. The SCM and infra-
hyoid muscles cover the internal jugular vein, as
it passes under the clavicle within the carotid
sheath. The SCM should be divided medially and
laterally while taking care of the internal jugular
vein underneath the muscle. The floor of the inci-
sion, at this point, consists of the middle cervical
fascia, which contains the omohyoid and the ster-
nohyoid muscles. One can identify the anterior
scalene muscle next. The superficial surfaces of
the anterior scalene are composed of the outer
layer of the prevertebral fascia [2, 11]. The
phrenic nerve should be identified along its length
on the ventral aspect of the anterior scalene mus-

cle. It is important to carefully mobilize the
phrenic nerve to preserve the function of the dia-
phragm [19]. Sometimes, the phrenic nerve can-
not be easily identified because the prevertebral
fascia is very thick. In this case, it is advised to
perform a nerve stimulation of the phrenic nerve
over the surface of the anterior scalene muscle
[20]. The carotid sheath should be identified and
mobilized medially with care.

The anterior scalene muscle originates from
the anterior tubercles of the transverse process
C3-C6 and inserts on the upper face of the first
rib [2, 21]. This anatomical property can be used
to locate the C3 vertebra. The fascia on the deep
surface of the anterior scalene is called Sibson’s
fascia. It forms the suprapleural membrane which
is an extension of the endothoracic fascia that
covers the cervical surface of the pleura [22]. The
spine will be reached after dissection of the ante-
rior scalene muscle at its proximal origin, and
also incising the Sibson’s fascia at the transverse
processes. The brachial plexus and the subcla-
vian artery can be identified between the anterior
and middle scalene muscles [2]. At the level of
the spine, the proximal segment of the vertebral
artery (VA) V1 can be identified at the C6 level.
The VA enters into the transverse foramina of C6,
between the medial longus colli and the lateral
anterior scalene [23]. If the procedure is done on
the left side, it is critical to not injure the thoracic
duct. Over the dome of the pleura, the thoracic
duct is anterior to the VA and vertebral. It enters
the angle between the left internal jugular vein
and the left subclavian vein.

Sternotomy and the Anteromedial
Approach

The anteromedial approach extends the surgical
field to give anterior access to the cervicotho-
racic junction. A median sternotomy or sternal
osteotomy allows better exposure to the T3 and
T4 levels when anterior access is needed. These
approaches are rarely used in cases of metastatic
spine tumor surgery given the morbidity
associated with the approaches. These
approaches are typically utilized for the resec-
tion of primary tumors such as chordoma and
chondrosarcoma.
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The sternohyoid and sternothyroid muscles
have their origin at the dorsal surface of the ster-
noclavicular joint and manubrium, respectively.
These muscles are liberated from their origin to
allow better access to the spine, and a part of the
manubrium sterni and medial clavicle is resected.
Sternoclavicular osteotomies should be per-
formed with care in order to avoid injury to the
left or right subclavian artery. In fact, the right
subclavian artery originates from the brachioce-
phalic artery at the base of the neck, posterior to
the sternoclavicular junction. The left subclavian
artery originates from the aortic arch and ascends
to the base of the neck. The recurrent laryngeal
nerve (RLN) also has different anatomical
courses. The RLN turns around the right subcla-
vian artery on the right side, and around the aortic
arch on the left side. Therefore, a left-sided
approach is usually recommended in order to
avoid injury to the recurrent laryngeal nerve. The
cervicothoracic approach has limited access to
the T3 and T4 vertebra due to the location of the
aortic arch and the left brachiocephalic vein in
the superior mediastinum. The T3 and T4 levels
are usually reached between the esophagus and
trachea medially and the left common carotid or
the brachiocephalic artery (BCA) laterally.

Standard Thoracotomy

The rib cage is formed by 12 ribs on each side
which are connected posteriorly by the 12 tho-
racic vertebrae. On the anterior side, the first 7
ribs are attached to the sternum and are called the
true ribs. The last 5 ribs are called the false ribs.
Ribs 8-10 articulate with the seventh costal carti-
lage. Ribs 11 and 12 are free-floating and do not
have any anterior connection. The neurovascular
bundle runs along the inferior aspect of each rib
and includes from top to bottom, the intercostal
artery, vein, and nerve. The intercostal muscles
are arranged in three layers (external intercosta-
lis, internal intercostalis, and the innermost inter-
costalis), with their fibers perpendicular to the
ribs.

The T4-T12 levels can be reached anteriorly
by a standard thoracotomy. During this proce-
dure, the patient is usually in the left decubitus
position, and the thoracotomy is done from the

right site, in order to avoid any injury to the aorta
on the left side. The thoracotomy is usually
cephalad to the lesion, and usually, the resected
rib is 1 or 2 levels above the level of the lesion
which allows better exposure. A more direct
approach is to choose the rib that is directly hori-
zontal to the vertebral body on the AP X-ray
view. After removing the rib, the parietal pleura
is incised along the line of the rib. The lung
could be retracted medially and ventrally or
could be collapsed by shifting ventilation from
the right lung to the left lung by anesthesia
assistance.

On the right side, the azygous vein runs supe-
riorly and rightward to the vertebral column. The
hemiazygous vein crosses from left to right at the
level of the T9 vertebra and terminates into the
azygous vein. The sympathetic chain has 11 gan-
glia located at each level of the rib neck. The
splanchnic nerves course along with the lateral
aspects of the middle and lower thoracic verte-
bral bodies.

Mini-open Lateral Approach

to the Thoracic Spine

Thoracic corpectomy can also be achieved
through a minimally invasive technique. The
patient is positioned in the adequate lateral
position, and the vertebral orientation is con-
firmed by fluoroscopy. A small incision 2-3 cm
is made over the rib that corresponds to the ver-
tebral body of interest. The rib is exposed and is
resected while taking care of the neurovascular
bundle on the inferior side of the rib. Resection
of the rib should be as posterior as possible to
allow maximal exposure to the posterior spine.
The thoracic pleura is dissected along the wall
of the rib and a space is created between the
endothoracic fascia and the pleura. A blunt dis-
section is carried in this space, along the rib, to
the corresponding vertebral body. The correct
vertebral body can be confirmed by intraopera-
tive fluoroscopy. The rib head articulating with
the corresponding vertebral body should be
identified. The rib head is drilled using a high-
speed drill. This exposes the lateral aspect of
the pedicle which is located underneath the
resected rib head. The segmental vessels are
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exposed and coagulated. Partial discectomies
are performed to better delineate the vertebral
bodies. It is critical to identify the neural fora-
men posteriorly to avoid any nerve injury. A
high-speed drill is also used to decompress the
neural foramen and expose the epidural space.
The posterior and inferior endplates of the adja-
cent vertebra should be preserved after the
corpectomy.

Anterolateral Approach

to the Thoracolumbar Junction

The anterior approach to the thoracolumbar junc-
tion is done by performing a T10 or T11 thora-
cotomy. The 11thrib is a floating rib and therefore
can be more difficult to reconstruct the thoracic
cage after an 11th rib osteotomy than after a tenth
rib osteotomy. The surgeon can access the T12
vertebral level with a supra-diaphragmatic
approach. However, mobilization of the dia-
phragm is needed to have access more caudally,
to the L1-L2 levels [24]. The diaphragm is
attached to the undersurface of the 11th and 12th
ribs. It separates the thoracic and the retroperito-
neal cavities. The dissection of the diaphragm is
done along with its insertion at the 11th and 12th
ribs. The phrenic nerve is easily damaged with
this approach [25]. After reflection of the dia-
phragm ventrally, the lateral and medial arcuate
ligaments are identified. The medial arcuate liga-
ment passes over the psoas major muscle and has
its insertion at the L1 vertebral body. In parallel,
the lateral arcuate ligament passes over the qua-
dratus lumborum muscle and has its insertion on
the transverse process of the L1 vertebra. Given
their anatomic insertion on L1, both the lateral
and medial arcuate ligaments need to be under-
mined in order to have access to the thoracolum-
bar junction.

Preoperative assessment and description of
the origin and path of the artery of Adamkiewicz
are an essential step that helps avoid any vascular
injury and morbid consequences during surgery.
Most often, the artery of Adamkiewicz arises
from the left segmental intercostal and lumbar
arteries (80% of cases), between the T9 and T12
(75% of cases), but still can arise between L1 and
L2 (10%).

Posterior Thoracic Approaches

The posterior thoracic approaches to the spine
are the “workhorse” approaches for the spine
tumor surgeon. This approach affords access to
the spinal cord as well as the dorsal spinal anat-
omy for multilevel fixation and reconstruction
(Figs. 1.2, 1.3, and 1.4).

Transpedicular Approach
The transpedicular approach is an extension of
the laminectomy and allows ventral access to
pathologies such as disc herniations and epidural
tumor. After adequate localization, pedicle
screws are usually placed two levels above and
below the pathologic level. Depending on the
quality of the bone, additional screws may need
to be inserted above and below. Wide decompres-
sion and laminectomies expose the spinal cord
and the exiting nerve roots. The pedicle is often
identified at the junction of the transverse process
and the superior articulating process. Sometimes,
sacrificing a nerve root might be necessary to
increase the working plane. When performing a
vertebrectomy through a unilateral or bilateral
transpedicular approach, the disks above and
below the pathologic vertebrae are removed to
prepare the adjacent endplates. The pedicle may
be entered by a rongeur or a high-speed drill.
During this procedure, navigation can also be
used to navigate the drill inside the pedicle and
avoid injury to the anterior structures, such as
the aorta, anterior vessels, diaphragm, and vis-
ceral organs. It is an application of navigation
technology that can help guide the extent of
resection and drilling. Also, the anterior longitu-
dinal ligament and the anterior cortex provide
important anatomical landmarks for the protec-
tion of the anterior visceral structures. After
removal of the vertebral body, placing a cage for
reconstruction requires having enough access.
This often entails drilling or resecting part of the
proximal rib head on that side to allow for
enough space to safely introduce the cage into
the vertebrectomy defect. Chou et al. described a
technique called “trap door osteotomy for
expandable cage placement” that mobilizes the
rib at the thoracovertebral junction by perform-
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Fig. 1.2 (a) A 64-year-old EGFR+, non-small-cell lung
cancer patient presents with severe back pain, leg weak-
ness 3/5, inability to ambulate, and severe spinal cord com-
pression. The patient previously underwent radiation to the
thoracic spine as well as the chest for lung cancer. (a)
Preoperative MRI and sagittal T1 post-contrast demon-
strate T2 pathologic fracture and high-grade spinal cord

Fig. 1.3 Intraoperative photograph illustrating the bilat-
eral transpedicular drilling at T2 and circumferential
decompression of the spinal cord at that level. Spinal
instrumentation has been performed above and below the
level of compression, T2. The arrows point to the cavity
created by the transpedicular drilling into the T2 vertebral
body. This photograph is with the patient in the prone
position. The top part of the photograph is the right side of
the patient and the bottom is the left side. Cranial is left
and caudal is right. The spinal cord is maximally decom-
pressed above and below the level of compression

compression. There is both anterior and posterior involve-
ment of the spinal column with circumferential compres-
sion of the spinal cord. (b) Preoperative MRI, sagittal T2.
The degree of spinal cord compression is evident. (c)
Preoperative MRI, axial T1-post-contrast. High-grade epi-
dural spinal cord compression with complete obliteration
of the cerebrospinal fluid and distortion of the spinal cord

ing a small osteotomy lateral to the costoverte-
bral junction [26]. This allows the rib head to
move more anteriorly. The cage can be pushed in
the corridor between the spinal cord and the rib
head. The rib is then allowed to swing back pos-
teriorly into proper position [26]. This approach
can also be performed in a minimally invasive
fashion [27]. The screws are placed percutane-
ously through multiple skin incisions, or through
the fascia via a single incision. The single skin
incision approach may prevent wound dehis-
cence at multiple incision sites [28].

Costotransversectomy and Lateral
Extracavitary Approach
Costotransversectomy (CTE) allows simultane-
ous anterior and posterior exposure of the spine,
in addition to circumferential decompression
which is an advantage in spine tumor surgery. It
is commonly used for T2-L1 levels. The lateral
extracavitary approach (LECA) is a very similar
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Fig. 1.4 (a) Postoperative MRI Sagittal T2 image show-
ing residual T2 vertebral body after surgery and clear
resection of epidural tumor. The cerebrospinal fluid has
been reconstituted after surgery, further achieving the goal
of separating the tumor away from the dura and the spinal
cord. (b) Screenshot from the radiation treatment plan

procedure to CTE, except for the extent of rib
resection and access strategy to the spine. In
CTE, the access is medial to the erector spinae
muscles, more lateral or through the muscles in
LECA. The access to the spine in both approaches
requires resection of the rib head. In CTE, the
length of rib resection is less than 6 cm; in LECA,
it is between 6 and 12 cm. Given that, LECA
involves a more lateral exposure than CTE with
retraction or transection of the paraspinous tho-
racic muscles. LECA is very convenient for a
total corpectomy. It allows placement of a graft
or cage anteriorly and posterior instrumentation
in the same sitting. At the T3 level, access to the
spine in LECA can be restricted by the scapula,
which can be rotated laterally by positioning of
the arm preoperatively for adequate access.

The CTE approach is an excellent method to
decompress and reconstruct the thoracic spinal
column through a posterior approach. By resect-
ing the transverse processes, the proximal rib
heads, and the pedicles, complete vertebrectomy

from postoperative stereotactic radiosurgery. With maxi-
mal decompression and separation of tumor away from
the spinal cord, a dose of 24 Gy was administered in 2
fractions postoperatively. The spinal cord is contoured in
dark blue

can be achieved. This can be done with a unilat-
eral or bilateral approach. Sacrifice of the tho-
racic nerve root can help facilitate vertebrectomy
and resection of the posterior longitudinal liga-
ment (Figs. 1.5 and 1.6). It is important to know
where the disc spaces are with this approach so
that the endplates above and below are not vio-
lated. This has significant consequences with
regard to anterior column reconstruction and
interbody cage placement. If the inferior endplate
is violated, this can lead to graft subsidence and
potential hardware failure. Because the thoracic
disc spaces may be calcified or narrow, meticu-
lous dissection is required. A surgical pearl is to
drill within the vertebral body toward the disc
space. Once the drill goes from vertebral body to
disc, the consistency of the disc material is an
obvious change and indication that the disc space
has been entered and that the next endplate is
near. At this point, a down angled curette can be
very helpful to start preparing the endplate for
arthrodesis and graft placement.
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Fig. 1.5 A 49-year-old patient with metastatic renal cell
carcinoma s/p nephrectomy 10 years ago presents with
severe back pain and leg weakness 3/5. The patient is
unable to ambulate due to pain and weakness. (a)
Preoperative MRI, T1-sagittal post-contrast demonstrates
T10 pathologic fracture and spinal cord compression. (b)

Lateral Retroperitoneal Approach

The lateral retroperitoneal approach gives the
surgeon access to the lumbar vertebral levels.
Planning the incision is very important in order

Axial T2 image and (c¢) Axial T1-post-contrast image
demonstrate the extent of spinal cord compression. Note
the T2 dark flow voids on the axial image through the ver-
tebral body and left paravertebral extension of tumor. The
vascularity of such a lesion and its proximity to the aorta
should not be underestimated

to get direct access to the desired level. To
expose L1-L2 levels, the incision should begin
above the level of exposure and terminate at the
lateral border of the rectus sheath above the
midpoint of the costal margin and the umbili-
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Fig. 1.6 (a) Preoperative angiogram demonstrating
selective catheterization of a segmental vessel into the
T10 vertebral body. Note the hyper-vascularity and the
extent of tumor blush with contrast injection. (b) Post-
embolization injection demonstrating the lack of contrast
blush after embolization with coils. (¢) Intraoperative
photograph demonstrating the reconstruction and decom-

cus. The incision for an L2-L5 exposure starts
at the posterior axillary line between the costal
margin and the superior iliac crest and extends
toward the umbilicus for L2-1.4 and between
the umbilicus and the pubic symphysis for L4—
L5 [29]. The incision is usually directed by
fluoroscopy. Next, dissection of the abdominal
wall muscles (internal oblique, external oblique,
and transversalis) should be done along their
anatomical planes. After the opening of the
transversalis fascia, the structures of the retro-
peritoneal cavity should be identified and
retracted carefully. Blunt dissection of the ret-
roperitoneal plane between the renal fascia ven-
trally and the quadratus lumborum/psoas
muscle group posteriorly leads to the vertebral
column.

pression achieved through a bilateral costotransversec-
tomy approach. The T10 vertebral body has been resected
and the anterior column has been reconstructed with an
expandable titanium cage. (d) Standing postoperative lat-
eral radiograph demonstrating the instrumentation and
reconstruction

The psoas major muscle arises from the
anterolateral portions of the T12-L5 vertebral
bodies, the intervertebral discs, and the trans-
verse processes of the lumbar vertebrae [2]. The
psoas minor is absent in 40% of patients, but,
when present, lies anterior to the psoas major
[30]. The lumbar plexus runs through the sub-
stance of the psoas major. The lateral femoral
cutaneous nerve exits the psoas at the L3-L4
level and travels on the lateral margin of the
psoas. The genitofemoral nerve is commonly
identified on the medial side of the psoas [31].
For this reason, the psoas muscle should be
reflected dorsally and not ventrally, to avoid
stretching and injury to the lumbar plexus. Also,
the abdominal portion of the ureter is located at
the level of the L2 transverse process [32]. It is
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usually found in relation to the genitofemoral
nerve and can be easily identified by the ureter
peristalsis, known as the Kelly sign [33]. After
identifying the psoas muscle, major retroperito-
neal structures need to be identified by blunt
dissection of the retroperitoneal sac. The com-
mon iliac arteries run inferolateral on the
medial surface of the psoas to their bifurcation
into the internal and external iliac arteries at the
lumbosacral level. The iliac vessels usually
bifurcate at the caudal L4 level, but it is better
to check on preoperative images if they bifur-
cate at a more cephalad or caudal level [34]. On
the right side, the inferior vena cava is lateral to
the right common iliac artery. The lumbar sym-
pathetic chain lies anterior to the vertebra bod-
ies and medial to the psoas major muscle [30,
35]. The lumbar veins lie in the angle of the
vertebral bodies and transverse processes, deep
to the psoas muscle [36].

Anterior Retroperitoneal Approach

The anterior retroperitoneal approach is usually
adopted for lower anterior access to the lower
lumbar vertebral levels when the iliac crest limits
access through a lateral approach [37, 38]. A
midline vertical abdominal incision is made.
Dissection to the anterior rectus sheath and linea
alba exposes the peritoneum cavity. The trans-
verse colon can be seen and should be packed and
retracted superiorly with the small intestine in
order to expose the posterior peritoneum [39].
The aortic bifurcation and the sacral promontory
are identified through the dorsal peritoneum [40].
At this point, it is very important to identify the
ureter and the hypogastric plexus in order to
avoid the injury of these structures. In fact, both
the right and left common iliac arteries are
crossed by the ureter at their termination [32].
The superior hypogastric plexus is situated in
front of the sacral promontory, anterior, and
slightly inferior to the bifurcation of the abdomi-
nal aorta. The inferior part of the plexus can be
found posterior to the sigmoid mesocolon and
upper mesorectum. It continues into the right and
left inferior hypogastric nerves [41]. In order to

access the L5-S1 levels, one must mobilize the
great vessels. The aorta and the inferior vena cava
can be mobilized medially. The approach to L4—
L5 is more challenging because the aortic bifur-
cation and the iliac vessels are anterior to the
vertebral body. There is a high risk of tearing a
vessel or causing an iliac artery or vein thrombo-
sis. Therefore, the safest approach to the L4-L5
vertebrae is typically to identify and ligate the
iliolumbar vein [42].

Minimally Invasive Lateral (MIS),
Retroperitoneal Approach
to Thoracolumbar and Lumbar Spine

In cancer patients with short life expectancy,
anterior lumbar interbody fusion for spine stabili-
zation can still be achieved with minimal
postoperative complications by a mini-open
retroperitoneal approach, laparoscopic transperi-
toneal approach, or an endoscopic lateral retro-
peritoneal approach [43, 44] (Figs. 1.7, 1.8, 1.9,
and 1.10). Many factors need to be taken into
consideration before and during an MIS
approach, to avoid injuries and complications.
First, patient positioning to obtain direct lateral
access to the adequate spine level should be con-
firmed by AP fluoroscopy imagine. On AP, the
spinous processes should be perfectly centered
between their respective pedicles, and the end-
plates should be parallel. This is very important
specifically in patients who have spinal deformity
such as scoliosis. Next, the iliohypogastric and
ilioinguinal nerves need to be identified during
blunt dissection of abdominal muscles and the
retroperitoneum. Note that the iliohypogastric
nerve emerges from the upper lateral border of
the psoas muscle and then courses inferolateral
over the quadratus lumborum to the crest of the
ilium; there, it pierces the transverses abdominis
muscle near the anterior superior iliac spine
(ASIS). Below the ASIS, the iliohypogastric
nerve is just lateral to the rectus abdominus [45].
The ilioinguinal nerve usually runs adjacent to
the iliohypogastric. Injury to these nerves will
cause postoperative abdominal asymmetry, pseu-
dohernia, or genital numbness [46].
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Fig.1.7 A 56-year-old patient with metastatic breast cancer presents with severe back and left leg pain. (a) Preoperative
T1-post-contrast and (b) T2 sagittal shows L4 pathologic fracture and (c) severe left L4 nerve root compression

Fig. 1.8 Patient is
positioned lateral for a
minimally invasive left
side, retroperitoneal
approach to L4

Neuromonitoring (EMG nerve root map-
ping) is essential in the procedure to help
avoid nerve injury. Also, pre-assessment of the
anatomy of the psoas muscle by looking at
preoperative imaging is required for a safe
procedure. Uribe et al. defined safe surgical
corridors and safe working zones away from
the lumbar plexus in lumbar fusion [47]. They
relied on radiographic and cadaveric studies to

study the safety of the vertebral bodies zones
I, II, II1, and IV. According to this study, Zone
3 is safe for dissection between L1 and L4.
The AP midpoint of the body is safest for dis-
section at the L4-L5 level [47]. The shallow
docking technique is a useful technique that
allows for the identification of nerves and ves-
sels while carrying on the dissection through
the psoas muscle [48].
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Fig. 1.9 (a) Intraoperative view showing the decompressed thecal sac and nerve roots. (b) Intraoperative view of the
reconstruction using an expandable cage and cement with anterior plate and screws

Fig.1.10 Postoperative CT showing the extent of decompression and reconstruction. Cement was used to reinforce the
anterior screw fixation
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Retraction of the psoas muscle should be done
in a very delicate and timely fashion, as the time
of retraction is associated with increased risk of
postoperative nerve injury or palsy [49]. For
example, a prolonged retraction time at the L4—
L5 level can be associated with a higher risk of
femoral nerve injury at L4-L5 and subsequent
neuropathic quadriceps muscle dysfunction [49].
In contrast to the transpsoas approach, an anterior
psoas approach carries less risk of nerve injury.
For the anterior psoas approach, a more anterior
skin incision is required. In relation to the psoas,
the genitofemoral nerve is at risk of injury here,
because it runs on the anterior surface of the mus-
cle [31]. Also, anterior docking carries a risk to
anterior vascular structures as well as the sympa-
thetic chain.

Posterior Approach to the Lumbar
Spine

The posterior approach in the lumbar spine
affords the spine surgeon considerable access to
the cauda equina, nerve roots, as well as numer-
ous bony landmarks for fixation options.

The main advantage of the posterior approach
is the access to multiple lumbar levels for decom-
pression, stabilization, and instrumentation
through a single approach. It allows complete
intralesional decompression of metastatic tumors
whether posterior or anterior structures are
involved by tumor. Ventral decompression and
access to the space is easily achieved by removal
of the facets and pedicles. Transpedicular drilling
allows access to the vertebral body and other
anatomy ventral to the neural elements. In this
way, the posterior approach provides anterior
access to the spine and helps avoid the potential
complications that follow an anterior approach.
The surgeon is compelled to choose a posterior
approach when anatomic considerations are pres-
ent which can complicate an anterior approach
including visceral metastatic disease extent, pre-
vious surgical scar tissue, and use of chemo or
radiotherapy adjuvants. For example, the lumbar
spine might be accessed more easily from a pos-
terior approach in cases of abdominal ascites,

distention, venous hypertension, and lymphade-
nopathy, excessive scar tissue, difficult
identification of major vessels, and other possible
reasons. Posterior approaches are familiar to
most spine surgeons and avoid the need for an
access surgeon. For most situations involving
metastatic tumors to the spine, an intralesional
tumor debulking strategy is used to decompress
the nerve roots, separate tumor from the dura,
and simultaneously stabilize the spine. The
advantage of the posterior approach is that this
can all be done in the same setting without nerve
sacrifice.

Unlike the curative en bloc resections com-
monly used for malignant primary spinal column
tumors, in the metastatic setting, the intent is not
usually curative. Thus, the scope and extent of
surgery required in this region are usually lim-
ited. The posterior approach is effective in this
regard, as it minimizes the surgical morbidity
associated with either anterior or lateral
approaches to the lumbar spine and sacrum.
Given the goals of addressing cancer-related bio-
logic and mechanical pain in the least destructive
manner in the palliative setting, the posterior
approach helps minimize the potential complica-
tions associated with the other approaches.

Conclusion

Patients with spine tumors may require neural
decompression, stabilization, and reconstruction
for pain and quality of life. Though many surgi-
cal treatment options exist, the majority are per-
formed through a posterior approach. The
posterior approach is most familiar to spine sur-
geons and affords the surgeon the ability to
decompress and instrument the spine as needed
through a single approach. In spine tumor sur-
gery, the goals are primarily to decompress the
nerve roots, separate tumor from the dura, and
stabilize the spine. In the metastatic patient, this
is often done through an intralesional technique
with de-cancellation of the vertebral body and
piecemeal resection of the vertebral body and
tumor. Because the goal of surgery is not curative
resection for these patients, an intralesional strat-
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egy is safe and effective. Thus, it is possible to
avoid the anterior and lateral approaches which
introduce a wider spectrum of potential compli-
cations involving other soft tissue organs and
vascular structures.

In cases of primary tumor resections where an
en bloc resection is planned, staging the resection
and incorporating either anterior or lateral access
may be advantageous. Staging these types of
operations allows for careful planning of osteoto-
mies and intended cuts through bone and soft tis-
sue to maximize margins of resections and the
surgical visibility. In these situations, the morbid-
ity of such approaches may be justified consider-
ing the challenges of local tumor control with
transgression through the tumor. In these cases,
an intralesional approach must be avoided and
therefore meticulous planning is required.

For patients with cancer and metastatic dis-
ease, anterior approaches may not be ideal, as
patients may already be suffering from other side
effects of chemotherapy or treatment, thereby
affecting their other organ systems. For example,
patients with liver metastases may have recurring
ascites, abdominal distension, and venous hyper-
tension requiring frequent peritoneal drainage
among other issues, so avoiding the abdomen is
paramount. Patients with diffuse adenopathy may
also have venous congestion affecting venous
return and circulation. For patients with previous
bowel surgery or retroperitoneal surgery, the scar
tissue associated with those approaches also
make the anterior approach less inviting and
potentially more dangerous, as dissection of the
large vascular structures may present a contrain-
dication to anterior approach.

Similarly, the lateral approach is an excellent
way to access the lumbar spine, but in the meta-
static patient, careful consideration of the regional
anatomy is required. The lateral approach is an
excellent way to reconstruct and instrument the
lumbar spine for many spinal conditions. With the
development of minimal access techniques, there
is certainly a role for lateral approaches to the
lumbar spine in tumor cases, but this is usually
more difficult at the lumbosacral junction due to
the anatomical relationship of this region to the
iliac crest and the iliac vessels. Tumor that

involves the lumbar vertebrae also involves the
surrounding psoas muscles as well and that is a
major consideration, especially for vascular
tumors such as renal cell carcinoma. It is typically
difficult to control bleeding in tumor that diffusely
involves the psoas muscles. Practically, it is also
technically difficult to work at L5 and S1 from
this lateral position due to the position of the spine
and the distance from the surgeon. It is also diffi-
cult to instrument the sacrum from this approach
given the orientation and anatomy of the sacrum.
The iliac crest is often in the way, limiting access
to the sacrum from a lateral approach.

In conclusion, despite advances in radiation
technology and cancer therapies, surgeons still
need to be able to circumferentially work around
the thecal sac and nerve roots. Careful selection
of the least-morbid and least-invasive surgical
approach to accomplish the surgical goals is the
standard of care when managing tumors of the
spinal axis.
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in Spinal Tumors

Brett M. Mahon and Ira J. Miller

Introduction

Accurate pathological diagnosis is a team effort
that is facilitated by advanced communication
with the pathologist to ensure appropriate biopsy
modality and tissue preservation for a particular
lesion given the clinical and radiographic fea-
tures and the relative need for pathological cer-
tainty [1]. For example, with classic cases of
osteoid osteoma, sampling the lesion during a
radio frequency ablation procedure may be of
secondary importance to pragmatic treatment,
while lesions with broad radiographic diagnostic
considerations require representative, undistorted
material. In difficult cases, repeat biopsy may be
required. In general, nonmineralized solid lesions
can be effectively sampled by image-guided core
needle biopsy. Densely sclerotic bone lesions,
however, usually require open biopsy or gentle,
large bore drills to preserve the non-osseous
component. In some cases, complete imaging
workup may reveal an extra osseous component
that is more amenable to biopsy than the osseous
component.
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Technical and Procedural
Considerations

A variety of tools are available for the proper
diagnosis of pathology specimens in a modern
laboratory. For example, most hospital laborato-
ries offer intraoperative pathologic consultation
by evaluation of immediately prepared cytologic
fluid or “frozen section” analysis. The former
allows for staining and immediate interpretation
of aspirated fluids and touch imprints of tissues
under the microscope. Diff-Quik or Wright-
Giemsa staining of dried cytology specimens can
easily be done under 20 minutes and allows for
the determination of specimen adequacy and, fre-
quently, diagnostic assessment. These can be par-
ticularly helpful for diagnosis of lymphoma.
Some procedural rooms are equipped to allow for
the slide staining and microscopic assessment of
specimen adequacy. Intraoperative frozen section
analysis allows a pathologist to freeze a portion
of tissue in a medium that may be cut into thin
sections of tissue. This tissue may then be fixed
to a slide and stained for interpretation under the
microscope. Immediate analysis can include
assessment of diagnosis, involvement of margins,
and adequacy of material for further specialized
testing. Additional sections of frozen tumor made
at that time and stored in methanol/acetic acid are
ideal for subsequent FISH testing.

Prior to submission of material to the pathol-
ogy department, the pathologist should be made

21

2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-50722-0_2&domain=pdf
https://doi.org/10.1007/978-3-030-50722-0_2#DOI
mailto:Brett.Mahon@tempus.com
mailto:Ira_J_Miller@rush.edu

22

B. M. Mahon and I. J. Miller

aware of all prior tumor diagnoses from the
patient, and given an opportunity to review the
prior diagnostic material if deemed relevant.
Communication of the pre-biopsy differential
can aid the pathologist and at times expedite the
diagnosis by ordering particular IHC stains dur-
ing initial processing. Suspicion of residual
tumor and the ability to distinguish between a
tumor with a bland cytological appearance and a
reparative process may require the use of immu-
nohistochemistry (IHC), the choice of which is
often informed by the prior tumor pathology.
Metastasis from tumors of low grade or uncertain
malignancy may resemble normal tissue and not
provoke specific pathological interrogation with-
out review of prior pathology. Appropriate micro-
biological culture also requires consideration
prior to biopsy. In cases with relative certainty of
diagnosis of metastatic tumor, fine-needle aspira-
tion (FNA) alone may be sufficient to simply
confirm the diagnosis. If treatment options are to
be guided by tumor-genetic features or immuno-
phenotype, then communication with the pathol-
ogist and oncologist upfront may be required to
obtain useful material as testing requirements
evolve. For example, decalcification of a bony
sample may preclude accurate assessment of hor-
mone receptor status in breast cancer.

Tissue biopsies, excisions, and resec-
tions are routinely submitted from operating
rooms to pathology laboratories for diagnostic
workup. These tissues are handled by patholo-
gists, pathology assistants, and often residents
to determine the areas of tissue to be sampled.
Triage of the pathological specimen after receipt
in the laboratory requires consideration to bal-
ance laboratory resources and the need to avoid
waste against the need to maximize the use of
the tissue. Many oncologic surgeons will actu-
ally carry the specimen to pathology personally
to orient the specimen and review it with the
pathologist. The mainstay of pathological diag-
nosis remains formalin-fixed paraffin-embedded
(FFPE) routine hematoxylin and eosin (H&E)
sections and should be the first priority. Because
of the abundance of FFPE tissue blocks, immu-
nohistochemistry and genetic testing has been
developed to use this material routinely despite
its limitations. Touch preps of fresh material
may be helpful in some situations where cyto-

logical appearance can limit the need for a broad
immunohistochemistry panel. Flow cytometry
and karyotyping are occasionally of use, but
rarely an absolute requirement in diagnosis of
bone lymphomas; therefore, if multiple samples
are to be taken, the best pieces should be placed
promptly in formalin. Additional pieces may be
sent fresh for pathological examination. These
pieces should be placed on a lined pad moist-
ened with saline in a tightly closed container to
prevent them from drying. However, submerg-
ing the fragments in excess saline will cause tis-
sue swelling and distortion of the morphology
that can lead to misdiagnosis. If intraoperative
analysis is performed to ensure adequacy of
sampling, a definitive final pathological diag-
nosis may not be possible without additional
formalin-fixed tumor even if a diagnosis of
malignancy is certain on frozen section analy-
sis. For flow cytometry and karyotyping, plac-
ing the material directly in sterile tissue culture
medium is appropriate.

Once the biopsy or sections of a tissue resec-
tion are chosen, they are placed into tissue pro-
cessors that, depending on the technology used,
can provide H&E-stained slides in 6.5-21 hours
[2, 3]. After processing and embedding tissue in
paraffin wax, the tissue block is faced off on the
microtome and sections are taken when the cen-
tral third is reached [4]. In a good histology lab, a
0.75 mm diameter core of tissue will allow for an
H&E section and 10-15 serial unstained sections
for additional testing, if they are sliced off the
block at the time of the initial sectioning. If only
an H&E is requested initially, then, since refacing
the block is required prior to taking additional
sections, the diameter of remaining tumor will be
much narrower, and fewer sections can be cut
before depleting the tissue entirely. This may
cause a need for repeat biopsy, especially when
additional specialized testing is necessary. For
larger bore samples, there is a little more leeway.
Foresight and good intra-laboratory communica-
tion is essential to maximize the use of the tissue
obtained by minimizing the number or rounds of
sectioning the block.

Immunohistochemistry is performed on sec-
tions of FFPE tissue. Different antibodies are
used to assess the expression of antigens on
tumor cells. THC may be used to determine the
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tissue of origin of metastases, lineage of differen-
tiation and specific subtypes of sarcomas, prog-
nosis, and as predictive therapeutic biomarkers
[5]. The adequacy of IHC depends on the pres-
ence of sufficient tissue for testing, proper forma-
lin fixation and tissue processing, and selection
of the appropriate immunostains. For example, a
poorly differentiated tumor in the bone may not
resemble any normal tissue type and a clinical
history of a primary tumor is unknown. Even the
distinction between carcinoma and sarcoma may
not be possible with microscopy alone. Positivity
for thyroid transcription factor 1 (TTF-1), cyto-
keratin 7 (CK7), and mucicarmine would be con-
sistent with a metastatic lung cancer in this
situation, whereas positivity for CDX-2 and cyto-
keratin 20 (CK20) would be suggestive of a lower
gastrointestinal, likely colonic, tumor. Similarly,
positivity for programmed death ligand 1 (PD-
L1) may be predictive of response to immuno-
therapy [5]. Further, a high proliferative index

(ki-67) is typically associated with more aggres-
sive behavior in lymphoma [6]. The usefulness of
IHC depends on the selection of appropriate
stains, the preservation of sufficient tissue for
testing, and the correlation of clinical, radiologic,
and surgical history.

One example of the power of IHC is in chor-
doma. Chordoma is a locally aggressive tumor that
occurs in the clivus and vertebral bodies, primarily
in the sacrum. This tumor usually has myxoid
stroma containing cords, nests, and lobules of
characteristic large cells with abundant, frothy,
eosinophilic cytoplasm and mildly pleomorphic
nuclei, the so-called physaliferous cells. In some
cases, the matrix may be chondroid and tumor
may mimic a cartilaginous neoplasm, or the tumor
cells may be spindled without matrix and raise a
broad histological differential. Chordomas and
benign notochordal tumors show nuclear staining
for brachyury (see Fig. 2.1) [7] and can therefore
easily be distinguished from other entities.

Fig. 2.1 (Left) H&E stain of a chordoma with spindle
cell morphology and nuclear atypia. Physaliferous
cells were not seen in the biopsy (425x). (Right)

Immunohistochemical staining for the specific marker
brachyury is positive, establishing the diagnosis of
chordoma (425x%)
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Cytogenetics and Molecular Testing

Cytogenetics and molecular testing may generi-
cally refer to multiple different methods of test-
ing, but important distinctions should be made.
Karyotyping and fluorescence in situ hybridiza-
tion (FISH) are typically referred to as “cytoge-
netic” testing, while sequencing of tumor tissue
is referred to as “molecular” testing. The karyo-
type of a tumor is visual interpretation of a cell’s
chromosomes and any large alterations that may
be present. Fresh tissue is required and the cells
must be stimulated to grow before staining and
interpretation can occur. FISH may be performed
on fresh or fixed tissue and, using specific probes,
can identify gene amplifications, deletions, and
specific translocations (i.e., HER2 gene amplifi-
cation in metastatic breast carcinoma or EWSR1-
FLI1 gene rearrangement in Ewing sarcoma).
FISH-prepared slides are read under a micro-
scope with specialized light sources and filters. It
is important to consider a differential diagnosis
for FISH testing, as one must specify the probes
to be tested.

Modern molecular testing broadly falls into
two categories: single gene assays and next-
generation sequencing (NGS) panels. A single
gene assay requires less tissue and is simple to
interpret, but only assesses for the presence or
absence of a single alteration. Next-generation
sequencing generally requires more tissue, but
can be used to assess a large panel of genes and
may be used to interrogate the entire genome,

providing an overall tumor mutational burden
(TMB) [8]. Interpretation of NGS results, how-
ever, may be complex, requiring the input of spe-
cialized computational scientists. Moreover,
sequencing may uncover germline alterations
associated with disease predisposition, requiring
assistance from a genetic counselor. The use of
NGS has allowed for the comprehensive assess-
ment of tumor genetics and has assisted in the
discovery of targetable biomarkers and markers
of therapeutic resistance [8, 9]. Many spinal
tumors are now known to harbor specific genetic
alterations (see Table 2.1) [7, 10-13]. The same
sequencing platforms used for DNA sequencing
may also be used for RNA sequencing, allowing
one to interrogate the “functional” aspect of spi-
nal tumors including fusion analysis and gene
expression profiling [14].

The utility of ancillary testing is helpful in
small biopsies or cytologic specimens, especially
in cases arising from unusual anatomic sites. For
example, small biopsies of giant cell tumors with
atypical features arising from the spine may be
difficult to distinguish from other tumors includ-
ing osteosarcomas [15, 16]. The distinction, how-
ever, 1is of critical therapeutic/prognostic
importance. H3F3A and H3F3B driver mutations
have been found in the vast majority of giant cell
tumors and chondroblastomas but not aneurys-
mal bone cysts or giant cell-rich osteosarcomas
[15]. Moreover, the vast majority are detected
using an immunohistochemical stain (see
Fig. 2.2) [15, 17].

Table 2.1 Common spinal tumors with immunohistochemistry markers and genetic findings

Diagnosis Immunohistochemistry Genetics

Giant cell tumor of bone H3.3 G34W H3F3A mutations

Chondroblastoma H3.3 K36M H3F3 mutations

Chordoma Brachyury PIK3, LYST, brachyury (T) mutations
Primary aneurysmal bone cyst CDH11-USP6 translocation
Low-grade osteosarcoma MDM?2 and CDK4 MDM?2/CDK4 amplification

Fibrous dysplasia GNAS mutations
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Fig. 2.2 (Left) H&E stain of the core needle biopsy of
this tumor showed a nonspecific spindle cell proliferation
with extensive hemosiderin deposition (850x). (Right)

Conclusion

As techniques and discoveries continue to grow
in the fields of laboratory diagnosis and tumor
profiling, the need for a collaborative approach to
the workup of every spinal tumor patient will
become increasingly important.
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Introduction

The objectives of cancer staging and classifica-
tion, as defined by the International Union
Against Cancer, are to (1) aid in planning the
course of treatment, (2) provide insight to the
prognosis, (3) assist in evaluating the results of
treatment, (4) facilitate effective interinstitutional
communication, and (5) contribute to the con-
tinuing study of malignancies [1]. The goals of
these systems in orthopaedic oncology, espe-
cially as they pertain to spine surgery, are similar.
Given the complex anatomy of the spine, the
critical role of spine physiology in everyday life,
the variety of treatment options available, and
involvement of multiple highly specialized
teams, these staging and classification systems
are especially important. Ideally, staging and
classification in spine oncology should be practi-
cal, reproducible, and offer prognostic signifi-
cance. They should ultimately enable physicians
from unique disciplines to effectively communi-
cate and formulate a treatment plan that can
include chemotherapy, radiation, and/or surgery.

Several primary musculoskeletal tumor clas-
sification systems have been developed which
apply to both the axial and appendicular skeleton.
Historically, the most utilized and widely recog-
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nized of these are the Enneking Staging Systems
for both malignant and benign neoplasms. In the
modern era, the American Joint Commission on
Cancer staging systems have emerged for classi-
fying bone and soft tissue sarcoma. One classifi-
cation unique to primary spinal lesions is the
Weinstein-Boriani-Biagini (WBB) classification,
which seeks to delineate the detailed anatomic
distribution of spine tumors. Classification sys-
tems, which describe the anatomy and biologic
behavior of metastatic disease, as distinct from
primary tumors, have also emerged. These
include the Spinal Instability Neoplastic Score
(SINS), Neurologic Oncologic Mechanical and
Systemic (NOMS) decision framework, and
Metastatic Epidural Spinal Cord Compression
(MESCC) or Blisky Scale.

Despite the benefits of these staging and clas-
sification systems, there are a number of inherent
challenges. Rarity of the underlying condition,
heterogeneity of biologic behavior of tumors, vari-
ability of the multiple treatment modalities, and
lack of long-term follow-up given the competing
risk of mortality from disease all limit the reliabil-
ity of the data which help form these systems.
Most systems were initially developed based upon
expert opinion, clinical experience over an
extended time period, and a limited number of
patients. Fortunately, many subsequent studies
have analyzed the reliability, reproducibility, and
validity of these systems. An understanding of the
available classification and staging systems, the
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level of evidence to support their utilization, and
their overall strengths and weaknesses is critical.
The goal of this chapter is to provide a brief over-
view of the most widely recognized systems and
their potential value to the reader.

Table 3.2 Enneking stage of primary malignant tumors

Stage Grade Site Metastasis
1A Gl T1 MO
1B Gl T2 MO
ITA G2 T1 MO
1IB G2 T2 MO
1T Gl or G2 T1 or T2 Ml

Primary Spine Pathology

Enneking Stage of Primary Benign
Tumors

Dr. William Enneking published his initial sys-
tem for the staging of musculoskeletal tumors in
1977, based on data collected from 1968 to 1976
at the University of Florida. There are separate
staging systems for benign and malignant tumors.
The staging system for benign tumors is made up
of three categories that are based on the radio-
graphic characteristics of the tumor-host margin
[2]. These are (1) latent, (2) active, and (3)
aggressive (Table 3.1). Lesions with well-
demarcated borders and quiescent biologic
behavior comprise latent stage 1 lesions, whereas
loss of a defined border, biologic activity, and
some permeation into host bone are more consis-
tent with a stage 2 tumor. The highest-grade
tumors (grade 3) are aggressive-behaving lesions,
which typically involve an extraosseous soft tis-
sue component and relative rapidity of growth.
As the stage increases, so too do the local aggres-
siveness and incidence of recurrence for these
lesions [3]. In general, metastasis is uncommon
for these benign lesions, but can occur for giant
cell tumor and chondroblastoma in particular [4].

Enneking Stage of Primary
Malignant Tumors

The Enneking staging system for malignant
tumors takes into consideration three key factors:

Table 3.1 Enneking stage of primary benign tumors

Stage Definition

1 Latent lesion

2 Active lesion

3 Aggressive lesion

G1 low grade, G2 high grade, T/ intracompartmental, 72
extracompartmental, M0 no regional or distant metastasis,
M1 regional or distal metastasis

(1) surgical grade, (2) local extent of the lesion
(intra- vs. extraosseous), and (3) presence of
metastases [2]. These factors combine to help
characterize the lesion into one of three stages
(Table 3.2). Stages I and II refer to lesions with-
out metastatic disease, and are determined based
on the histologic grade of the tumor, which may
either be “low” (I) or “high” (II). Both stages are
subdivided into categories A and B based on the
local extent of the tumor: intracompartmental (A)
versus extracompartmental (B). Stage III lesions
represent any tumor with distant metastatic
lesions. The overall stage is the chief determinant
of the extent of surgical resection, the surgical
margin, and overall prognosis.

The first step in tumor staging according to the
Enneking system is identifying a lesion as either
low (G1) or high (G2) grade. A low-grade lesion
is characterized by low rates of mitosis, low
nuclear to cytoplasmic ratio, and limited degree
of pleomorphism (Broder’s Grade 1 or 2) [2].
These lesions carry a low risk for distant spread,
typically less than 25%. High-grade lesions, on
the other hand, are characterized by high rates of
mitosis, prominent nucleoli, and high degree of
pleomorphism (Broder’s Grade 3 or 4). These
lesions carry a significantly higher rate of metas-
tasis. Although histology is the primary determi-
nant of tumor grade, some tumors, such as
dedifferentiated chondrosarcoma, are high grade
by definition [5].

Tumor staging according to the Enneking sys-
tem also considers the local extent of the tumor
based on axial radiographic features. Local extent
is interpreted in regard to containment within the
anatomic boundaries of a musculoskeletal com-
partment. These compartments feature natural
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barriers to tumor spread, including fascial layers
and bone structures. The degree of local extent,
and whether a tumor is intracompartmental ver-
sus extracompartmental, is critical in determin-
ing surgical approach and the surgical margin
goal. According to the Enneking classification,
the overarching goal is that the tumor should not
be entered during resection. A wide resection
refers to when the tumor is removed with a mar-
gin of normal tissue around the tumor. A mar-
ginal resection refers to when the tumor is
removed along with pseudocapsule of the tumor.
When the tumor itself is entered during surgical
resection, it is referred to as an intralesional
resection.

Following the initial publication of their land-
mark staging system, Enneking et al. validated
their approach through an analysis of 258 patients
treated at the University of Florida, and 139
patients treated at 13 institutions overseen by the
Musculoskeletal Tumor Society [2]. They found
that the probability of survival for the combined
group of 397 patients was lower for each subse-
quent Enneking stage, for every year that the
patient was followed (P < 0.01). Of note, diffi-
culty was reported in 5.5% of the cases studied at
outside institutions, with nearly all problems
relating to assessing the intra- versus extra-
compartmental local extent of the tumor. Based
on these findings, they suggested that use of the
system was successful in helping determine
patient prognosis based on stage, appropriately
guiding treatment, and enabling efficient and
effective communication between providers at
different institutions.

Although the Enneking system was developed
primarily for extremity tumors, it has been
applied to the axial skeleton. Fisher et al. com-
pleted a multicenter cohort analysis of 147
patients with a primary bone tumor involving the
spine who underwent surgical resection of the
lesion between 1982 and 2008 [6]. Based on a
retrospective review of operative documentation
and the final pathology report, patients were
labeled as either “Enneking Appropriate” (surgi-
cal margin as recommended by the Enneking
classification) or “Enneking Inappropriate” (sur-
gical margin not recommended by the Enneking

classification). They found that 57 of the 77
patients in the inappropriate group and 14 of the
70 patients in the appropriate group experienced
local recurrence of their tumor. They also found
that an Enneking Inappropriate surgical approach
resulted in a significantly higher risk of mortality
compared to the Appropriate approach (Hazard
Ratio = 3.10, P = 0.0485), lending additional
support to the use of this pivotal system.

In regard to the reliability and reproducibility
of the system, Chan et al. surveyed 15 members
of the Spine Oncology Study Group with radio-
graphic records of 18 patients in order to deter-
mine the intra- and interobserver reliability
coefficients, and further guide use of the system
[7]. They found that Enneking grade (K = 0.82),
tumor extent (K = 0.22), stage (K = 0.57), and
Enneking-recommended surgical margin
(K = 0.47) had near-perfect, fair, moderate, and
moderate interobserver reliability, respectively.
These findings suggest that while tumor grade is
reliable between observers, difficulty in deter-
mining Enneking stage is driven by disagreement
on local extent of tumor, which in turn drives dis-
agreement on the plan for surgical resection as
recommended by the Enneking system.

American Joint Committee on Cancer
(AJCC) Bone and Soft Tissue Sarcoma
Staging System

The AJCC is a group comprised of leading scien-
tists and clinicians across a number of medical
fields. One of the central goals of the committee
is to publish cancer staging systems unique to
specific areas of medicine to help guide diagno-
sis, prognosis, and treatment options. The system
for bone and soft tissue sarcoma staging is based
on three key factors: the extent of the tumor (T),
the spread to nearby lymph nodes (N), and the
spread to distant sites (M). Unlike the Enneking
system, the AJCC staging system now includes
criteria unique to osseous lesions of the spine
(Table 3.3) [8]. These are reflected in the T cate-
gory. A tumor is graded as T1 if it is confined to
one vertebral segment or two adjacent segments,
T2 for three adjacent segments, T3 for four or
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Table 3.3 American Joint Committee on Cancer (AJCC)
Bone and Soft Tissue Sarcoma Staging System for the
spine

T Criteria
category
TX Primary tumor cannot be assessed
TO No evidence of primary tumor
Tl Tumor confined to one vertebral segment
or two adjacent segments
T2 Tumor confined to three adjacent
vertebral segments
T3 Tumor confined to four or more adjacent
vertebral segments, or any nonadjacent
segments
T4 Extension into the spinal canal or great
vessels
T4a | Extension into the spinal canal

T4b | Evidence of gross vascular invasion or
tumor thrombus in the great vessels
N
category
NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastasis
N1 Regional lymph node metastasis
M
category
MO No distant metastasis
Ml Distant metastasis
Mla Lung
MIlb Bone or other distant sites

more adjacent segments, or for any tumors with
nonadjacent vertebral segment involvement.
Finally, a tumor is graded as T4 if it features
extension into the spinal canal (T4a) or great ves-
sels (T4b). Given the recency of the AJCC spine-
specific staging guidelines, there have not yet
been any studies analyzing the efficacy or repro-
ducibility of the system.

Although the AJCC and Enneking staging
systems share a common goal, they feature
unique differences. One fundamental difference
is that the general AJCC system grades the tumor
based on size, whereas the Enneking system
grades based on compartment status. The latter
strategy to subclassify tumors using compart-
ment status was based on the surgical concept
that a patient with a small tumor with extraosse-
ous extension may still require a larger procedure
than a patient with a large tumor that is entirely
intraosseous. In order to compare the two sys-

tems, Heck et al. performed a retrospective anal-
ysis of 250 patients with sarcomas of the bone
treated over a 12 year-period at the University of
Chicago [9]. The group found that both systems
were highly effective at predicting prognosis,
with increasing stage accompanied by decreased
survival. In comparing the two systems directly,
however, they found that there were no signifi-
cant advantages of one system over the other in
regard to predicting prognosis. Future work is
needed to determine the effectiveness of the
AJCC spine-specific staging guidelines.

Weinstein-Boriani-Biagini (WBB)
Classification

Initially published in 1997, the Weinstein-
Boriani-Biagini (WBB) system was devised to
effectively stage primary spinal tumors while
recognizing the anatomic complexity of the
spine. The main usefulness of this system is to
describe the feasibility and type of necessary sur-
gical resection for primary spine tumors. It
implies and cues issues such as technique of
approach, necessity of bony ring opening, and
management of dural margins, all of which are
critical to the planning of surgical management
of primary spine tumors. The staging of a lesion
is based primarily on axial location within the
vertebral segment using a clock-face convention
with radial depth modifiers [10]. Doctors Hart,
Boriani, Biagini, and Weinstein based their clas-
sification system on their experience pertaining
to 24 patients with primary giant cell tumors of
the spine. Despite the common histology, they
found different rates of local recurrence of the
tumors based on their location within the spinal
column. Specifically, recurrence rates were
higher for tumors that involved both the vertebral
body and posterior elements in comparison to
those located only in the anterior elements (24%
versus 0%). They also found that extraosseous
extension into the canal or paraspinal muscula-
ture was associated with a higher rate or recur-
rence. Based on these findings, the study group
concluded that the axial location of the lesion
should serve as a chief determinant for the spe-
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cific surgical procedure and approach and extent.
For lesions in the vertebral body, they recom-
mended vertebrectomy via dual anterior and pos-
terior approach as the optimal treatment.
Similarly, lesions involving the lateral aspect of
the vertebral unit, specifically from the postero-
lateral aspect of the vertebral body to the ipsilat-
eral facet joint are indicated for a sagittal resection
via dual anterior and posterior approach. Lastly,
lesions in the posterior elements alone are indi-
cated for a posterior arch resection via isolated
posterior approach. The fundamental goal guid-
ing these principles is to spare the spinal cord
without compromising the surgical tumor
margins.

The use of this system has been shown to be
both safe and feasible [11, 12]. Boriani et al. pub-
lished the preliminary results on 29 patients who
underwent surgical resection of a spinal lesion in
accordance with the WBB classification [12]. Of
these patients, there were 13 with lesions in the
vertebral body, 9 with lesions in the posterior
arch, and 7 with lesions in both part of the body
and part of the arch. Twenty patients had a suc-
cessful wide margin, whereas eight had a mar-
ginal margin, and one had an intralesional margin.
Importantly, no patient had neurologic compro-
mise as a result of the resection (unless nerve root
was resected for oncologic purposes), and no
local recurrence was found at an average follow-
up of 30 months. Similarly, Yamazaki and the
Spine Oncology Study Group performed a sys-
tematic review of patients undergoing en bloc
resection of primary spine tumors in accordance
with both the WBB and Enneking classifications
[13]. Their primary goal was to determine the
rate of achievement of disease-free margins, mor-
bidity, mortality, and health resource utilization.
Among 300 patients from 6 studies meeting
inclusion criteria, they found that WBB staging
accurately predicted the attainment of a wide or
marginal resection in 88% of cases. Moreover,
successful attainment of a wide margin was asso-
ciated with decreased likelihood of recurrence
and reduced mortality. More recently, Amendola
et al. published their experience with 103 con-
secutive, prospectively enrolled patients with pri-
mary spinal tumors treated with resection in

accordance with the WBB and Enneking classifi-
cation [14]. At a mean follow-up of 39 months
after surgery, 22 patients had experienced local
recurrence of their tumor. They found that mar-
ginal and intralesional resection were significant
independent predictors of local recurrence (HR
9.45 and 38.62, respectively). Furthermore, WBB
surgical staging predicted surgical margins in
75.7% of cases.

As previously highlighted, Chan et al. sur-
veyed 15 members of the Spine Oncology Study
Group in regard to the radiographic records of 18
patients in order to determine the reliability of the
Boriani-Biagini classifications [7]. They found
that interobserver reliability for WBB zones
(K = 0.31), WBB layers (K = 0.58), and WBB
recommended surgical procedure (K = 0.54) was
fair, moderate, and moderate, respectively. The
group suggested that difficulty with the use of the
system most commonly stems from limitations of
the axial imaging, rotation or asymmetry of the
vertebral unit, and inherent difficulty in deter-
mining the precise zones of involvement. Despite
these shortcomings, the system offers moderate-
to-substantial value in guiding surgical approach
and procedure.

Spinal Metastatic Disease

The prevalence of metastatic disease to osseous
structures is staggering, affecting an estimated
300,000 patients in the United States alone [15,
16]. Approximately 60% of osseous metastases
are spinal metastases, and spinal metastases
occur in 20-40% of all patients diagnosed with
cancer. Furthermore, nearly 20% of patients with
spinal metastases experience symptomatic spinal
cord compression [17]. This metastatic disease
most commonly affects the thoracic spine (70%),
followed by the lumbar spine (20%), and lastly
the cervical spine (10%) [16, 18]. Given the
relative growth of the aging population at risk for
cancer, targeted therapies extending survival for
many patients with cancer, and the improved
capabilities of diagnostic modalities, the preva-
lence of patients with metastatic spinal disease is
only expected to grow [19].
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Treatment goals for patients with spine metas-
tases involve optimization of neurologic func-
tion, maintenance or restoration of spinal
stability, effective local tumor control, and
improvement in overall quality of life. Due to
advances in technology, myriad treatment options
now exist, including surgery, chemotherapy, con-
ventional radiation therapy, stereotactic radiosur-
gery, and other minimally invasive procedures
[20]. In light of these advances and the involve-
ment of multiple care teams, a number of clinical
tools and classification systems have been devel-
oped to help guide treatment decisions.

Neurologic Oncologic Mechanical
and Systemic (NOMS) Decision
Framework

The Neurologic Oncologic Mechanical and
Systemic (NOMS) decision framework was
developed to provide guide treatment of patients
with metastatic spine disease through an assess-
ment of four critical elements: neurologic, onco-
logic, mechanical stability, and systemic disease
[21]. Initially published in 2013, the NOMS sys-
tem is based on a number of integral publications
and over 15 years of clinical experience from the
multidisciplinary spine team at the Memorial
Sloan-Kettering Cancer Center. The goal of the
system is to incorporate the four key domains to
guide treatment, specifically the use of radiation,
systemic therapy, and/or surgical intervention.

The neurologic assessment analyzes the
degree of spinal cord compromise, including a
clinical assessment of myelopathy and radicu-
lopathy. It also involves a radiographic assess-
ment of the degree of metastatic epidural spinal
cord compression (MESCC). A six-point grading
system was designed and subsequently validated
by the Spine Oncology Study Group (SOSG) to
quantify the degree of MESCC, and is presented
later in this chapter [22, 23].

The oncologic assessment refers to the effec-
tiveness of radiation or chemotherapy for local
and systemic tumor control. Tumors can be con-
sidered radiosensitive or radioresistant based on
their response to conventional external beam

radiation therapy (CEBRT). For example, lym-
phoma, myeloma, and germ cell tumors in par-
ticular have been shown to be extremely
responsive to radiation therapy [24]. Thus, a
course of radiotherapy along with the appropriate
systemic medical therapy may be the appropriate
initial treatment for these tumors, even with some
element of neurologic compromise. Solid tumors,
however, are not as uniformly radiosensitive.
Breast, prostate, and ovarian cancers represent
relatively radiosensitive pathologies. On the
other hand, renal, thyroid, hepatocellular, colon,
non-small-cell lung, sarcoma, and melanoma
represent strongly radioresistant tumors [24].
Despite this, classically radioresistant patholo-
gies have exhibited responsiveness to the high
concentration of radiation offered by SRS and
other high accuracy modalities which spare dos-
ing to normal structures. Chemotherapeutic
options are highly individualized to the individ-
ual histology, but multidisciplinary discussion of
available treatments is critical in the ever-
expanding landscape of targeted, immunologic,
and other novel anti-cancer drugs.

The mechanical assessment in NOMS is
unique, in that it represents a potential indepen-
dent indication for surgical intervention and/or
cement augmentation, regardless of the neuro-
logic or oncologic assessment. The SOSG defines
instability as the “loss of spinal integrity as a
result of a neoplastic process that is associated
with movement-related pain, symptomatic or
progressive deformity, and/or neural compromise
under physiologic loads.” This is therefore depen-
dent on both clinical and radiographic findings.
To help guide clinicians in making this diagnosis,
the SOSG devised the Spinal Instability
Neoplastic Score (SINS), which is covered later
in this chapter [25].

The systemic assessment provides an overall
outlook through consideration of the patient’s
diagnosis and prognosis. Before moving forward
with a treatment, the patient’s ability to tolerate
the intervention based on their global tumor bur-
den and other comorbidities must be considered.
In other words, the long-term benefit of an inva-
sive, timely, or costly procedure may not be real-
ized in a patient with a short life expectancy.
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Furthermore, an aggressive treatment approach
may cause more harm than benefit for many
patients. A number of prognostic scoring systems
have been developed to estimate a patient’s
expected prognosis and survival, thereby helping
care providers determine if a specific intervention
(typically surgical) would be worth undertaking
[26-30]. These are covered in a separate chapter
later in this text. Unfortunately, however, these
estimations can be wrongly influenced by physi-
cians’ tendency to overestimate survival time, or
by continued advancements in the effectiveness
of pharmacotherapy. Spine surgeons therefore
should most strongly consider whether patients
would have an opportunity to adequately recover
from the indicated surgery and return to pharma-
cotherapy to attempt systemic tumor control. Of
course, this requires detailed conversations
between the patient, family, and multiple care
teams.

Although the NOMS decision framework has
not undergone a formal prospective validation, it
has been shown to be effective and appropriate in
guiding treatment decisions for patients with spi-
nal metastases. These treatments include surgical
resection [31, 32], traditional radiotherapy [33],
and novel methods such as stereotactic radiosur-
gery [34]. The system continues to be a widely
recognized and accepted treatment tool by spinal
surgeons and oncologists alike. Pratt and the
International  Spine  Oncology Consortium
recently published a similar algorithm to the
NOMS framework, that also reflects that need for
multidisciplinary efforts and communication
[35]. Known as the Mechanical stability, neuro-
logical risk, oncological parameters, and pre-
ferred treatment (MNOP) algorithm, this
framework encompasses the key aspects of the
NOMS decision framework, while also expand-
ing recommendations to better involve medical
oncologists and cancer rehabilitation specialists.

Spinal Instability Neoplastic
Score (SINS)

Published in 2010 by the Spine Oncology Study
Group, the Spinal Instability Neoplastic Score

(SINS) was developed in order to aid in predict-
ing spine stability of neoplastic lesions [25].
Furthermore, the SINS score serves as the pri-
mary determinant of mechanical stability accord-
ing to the NOMS treatment decision framework.
In summary, the SINS score is an 18-point scale
based on location of the lesion, pain, type of
bone lesion, radiographic spinal alignment, ver-
tebral body collapse, and posterolateral involve-
ment of spinal elements (Table 3.4) [25]. The
summation of these scores results in a classifica-
tion of stable (score 0-6), unstable (score 13—18),
or indeterminate (score 7—12). The management
of patients with scores in the indeterminate range
has remained controversial. In response,
Pennington et al. completed a retrospective

Table 3.4 Spinal Instability Neoplastic Score (SINS)

Component Score
Location

Junctional (O-C2; C7-T2; T11-L1; 3

L5-S1)

Mobile spine (C3-6; L.2-4) 2

Semirigid (T3-10) 1

Rigid (S2-S5) 0
Mechanical pain

Yes 3

No

Pain-free lesion 1
Bone lesion

Lytic 2

Mixed (lytic/blastic) 1

Blastic 0
Radiographic spinal alignment

Subluxation/translation present 4

Deformity (kyphosis/scoliosis) 2

Normal 0
Vertebral body collapse

>50% collapse 3

<50% collapse 2

No collapse with >50% body involved 1

None of the above 0
Posterolateral involvement

Bilateral 3

Unilateral 1

None of the above 0
Total

Stable 0-6

Indeterminant 7-12

Unstable 13-18




34

M. T. Nolte and M. Colman

review of 51 consecutive patients with metastatic
spine disease evaluated at a single institution
over a one-year time period to better delineate
the indeterminate range [36]. They found that a
SINS score of 10 or greater was associated with
a greater than 50% likelihood of undergoing sur-
gical stabilization, whereas patients with a score
of 9 or less underwent surgical stabilization in
only 11% of cases. They concluded that, although
the unique clinical and radiographic criteria
must be weighed for each patient, a lesion with a
SINS score of 9 or less may not require surgical
stabilization

Inregard to the effectiveness of SINS, Versteeg
et al. performed a retrospective review of patients
with spinal metastases treated with either surgery
or radiotherapy over the time surrounding the
introduction of the SINS classification (2009—
2013) [37]. They found that, following the intro-
duction of SINS in 2011, patients in both
treatment groups experienced more remarkable
improvement in SINS score. They found that, fol-
lowing the introduction of SINS in 2011, the
mean score upon presentation was significantly
lower for both groups when compared to patients
presenting prior to 2011 (10.3 versus 11.2 for the
surgical cohort and 7.2 versus 8.4 for the radio-
therapy cohort). These findings suggested that
SINS may successfully increase awareness of
instability and result in earlier referrals for proce-
dural intervention for patients properly indicated.
Similarly, SINS has been shown to be reliable
and reproducible amongst both orthopaedic sur-
geons and non-orthopaedic oncology specialists,
with Campos et al. reporting an overall interob-
server reliability of 0.79, and an intraobserver
reliability of 0.96 [38]. Fisher et al. also com-
pleted a prospective analysis of 37 radiologists
and 30 patients with spinal metastases, finding
that radiologists were able to identify 98.7% of
patients with an unstable spine according to
SINS, thereby appropriately initiating surgical
consultation [39].

Hussain et al. published a 2018 validation
study of SINS via a prospective cohort analysis
of 131 patients who underwent surgical stabiliza-
tion for spinal metastases [40]. They found that
there was a significant positive correlation

between increasing SINS and degree of both pre-
operative pain and preoperative disability (via
brief pain inventory walking score, and MD
Anderson Symptom Inventory activity and walk-
ing scores). Surgical stabilization resulted in sig-
nificantimprovementinnearly all patient-reported
outcome measures for both patients with indeter-
minate and unstable SINS, and these correlations
remained significant when neurologic status was
controlled for.

Metastatic Epidural Spinal Cord
Compression (MESCC)

Compression of the spinal cord by metastatic dis-
ease is associated with considerable disability
and mortality. As previously mentioned, the
Spine Oncology Study Group (SOSG) developed
and subsequently validated a six-point grading
system to quantify the degree of MESCC [22,
23]. Utilizing axial T2-weighted images at the
level of most remarkable compression: Grade 0 is
defined as tumor confined to the bone only; Grade
1, tumor extension into the epidural space with-
out deformation of the spinal cord; Grade 2, spi-
nal cord compression by CSF is visible; and
Grade 3, spinal cord compression without visible
cerebrospinal fluid. These are further subdivided
into Grade la, epidural impingement without
deformation of the thecal sac; Grade 1b, defor-
mation of the thecal sac without spinal cord abut-
ment; and Grade 1c, deformation of the thecal
sac with spinal cord abutment, but without com-
pression. Assuming no mechanical instability,
conventional radiation therapy should be consid-
ered as the initial treatment for grades 0, 1a, and
1b. Surgical decompression should be strong
considered for grades 2 and 3 (defined as high-
grade ESCC), prior to radiation therapy. The ini-
tial management of grade lc tumors remains
controversial, but may present an indication for
stereotactic radiosurgery to limit the degree of
spinal cord toxicity [41]. Through a prospective
survey of 7 members of the Spine Oncology
Study Group (SOSG) in regard to imaging for 25
patients, Bilsky et al. determined that the current
6-point ESCC grading scale is both reliable and
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reproducible [23]. Furthermore, the T2-weighted
images were superior indicators of ESCC com-
pared with T1-weighted images with and without
Gadolinium.

Ryu et al. subsequently developed a modi-
fied version of this scale to also reflect the
patient’s neurological status in the context of
their radiographic degree of spinal cord com-
pression [42]. The neurological grade consists
of five grades (A through E), depending on the
degree of symptoms. Grade A, no symptoms;
grade B, a focal minor symptom (i.e., axial or
radicular pain); grade C, functional paresis due
to compression of a nerve root or spinal cord
with muscle strength of 4 out of 5 or greater;
grade D, nonfunctional paresis with muscle
strength of 3 out of 5 or less; and grade E, com-
plete paralysis or urinary and rectal inconti-
nence. The team performed a prospective
analysis of 62 patients with a total of 85 lesions
causing metastatic epidural compression, with
grade A, B, or C neurological status. They
found that radiosurgery for these patients
resulted in mean tumor volume reduction of

System Research Tool

65% and neurological function improvement
for 81% of patients, thereby supporting the use
of their modified system.

Conclusion

The use of high-quality classification and staging
systems can help guide treatment of patients with
oncological pathology of the spine while respect-
ing the complex and critical anatomy of the spi-
nal cord and column (Fig. 3.1). For many years,
this field had lacked standardization, but a recent
push for clinical tools to improve decision-
making and interdisciplinary communication has
resulted in the formation of a number of classifi-
cation and staging systems. However, the
evidence-based development of these tools has
been inherently limited by the limited number of
patients, wide range of clinical presentations, and
oftentimes, limited degree of follow-up. An
understanding of the value of and evidence for
the available and widely utilized classification
systems is therefore critical. The Enneking and

Prognosis Cllnpal . Treatment Guidance
Communication

Enneking Staging for Primary
Benign Tumors

Enneking Staging for Primary Malignant
Tumors

Weinstein-Boriana-Biagini(WBB)
Classification

Neurologic Oncologic Mechanical and
Systemic (NOMS) Decision Framework

Spinal Instability Neoplastic Score (SINS)

Metastatic Epidural Spinal Cord Compression
(MESCC)

Skeletal Oncology Research Group (SORG)
Nomogram

Least Value

Highest Value

Fig. 3.1 Relative value of classification and staging systems across four key clinical domains
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WBB staging systems have proven to be valuable
tools in the staging and surgical planning of pri-
mary lesions of the spine. Similarly, the NOMS
decision framework, utilizing the SINS and
ESCC, has served as the cornerstone guiding the
management of metastatic lesions to the spine.
Ongoing multicenter efforts such as the
Epidemiology Process and Outcomes in Spine
Oncology (EPOSO) and the Primary Tumor
Research and Outcomes Network (PTRON) are
collecting comprehensive prospective data that
may help to refine our current classification sys-
tems. As the understanding of spinal orthopaedic
oncology and the value of classification systems
within this complex field continue to grow, clini-
cians will be able to provide a higher quality of
care for this expanding population of patients.
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Advanced Imaging Technologies
in the Evaluation and Staging
of Adult Spine Tumors

Anick Nater and Michael G. Fehlings

The clinical management of patients harboring a
spinal tumor aims to cure when possible, to mini-
mize morbidity, and to maximize long-term sur-
vival. While most symptomatic primary spinal
tumors require a systematic evaluation to deter-
mine their suitability for total resection, the diag-
nosis of any spinal primary or secondary
neoplasm warrants thorough staging. In fact,
clinical management depends on the accurate
determination of the local involvement, the detec-
tion of nodal spread, and the quantification and
qualification (i.e., location and extent) of metas-
tases. This evaluation provides essential baseline
information that enables the assessment of focal
disease progression, response to treatment, and
recurrence of the primary, along with any sec-
ondary malignancies at follow-ups, guiding sub-
sequent re-staging, and therapeutic decisions.
Evidence of metastatic tumors, especially in the
spine, is of high significance as it profoundly
influences the course of the disease, prognosis,
treatment selection and planning, as well as
patient’s quality of life.

This chapter articulates around three theme
questions. Once an adult patient is diagnosed
with a spinal tumor, the following questions need
to be taken into consideration:
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A. What imaging modalities are currently avail-
able and how are they used in the initial char-
acterization of the lesion and assessment of
the overall tumor burden?

What is the current evidence supporting
their utilization in general and on a disease-
specific basis?

B. What are the special considerations after sur-
gical and/or radiation therapy?

C. What is the evolution of imaging technolo-
gies in the evaluation and staging of adult
spine tumors?

Introduction

Spinal metastases are much more frequent than
primary spinal tumors. A recent population-based
analysis revealed that during 2009-2011, the
incidence rate of primary benign and malignant
spinal neoplasms in adults was 2.35 and 0.70 per
100,000 individuals, respectively, while it was
25.96 per 100,000 people for spinal metastases
[1, 2]. However, while lesions in the extradural
compartment are far more likely to be metasta-
ses, primary tumors are more common than
metastases in the intradural and intramedullary
compartments [3]. Despite the fact that research
has mainly been focused on metastatic disease,
the principles of evaluation and staging are essen-
tially the same for all primary tumors regardless
of their site of origin.
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The skeletal system is constantly remodeling,
balancing between synthesis and degradation.
Osteoblasts produce an osteoid matrix that is
later mineralized with hydroxyapatite crystals.
Primary and secondary tumors interfere with
both bone formation and mineralization, as well
as bone resorption. Although some primary neo-
plastic cells, such as osteosarcoma, may produce
bone matrix themselves [4], most osteosclerotic
activity in primary and skeletal metastases
results from indirect osteoblast-stimulated bone
synthesis or direct reparative osteoblast-reactive
hypermetabolism. On the other hand, osteolysis
results from osteoclast-mediated bone degrada-
tion. The optimal imaging technique for the
diagnosis, evaluation, and staging of spinal
tumors therefore depends on the underlying
pathophysiology (osteosclerotic, osteolytic, or
mixed) and the radiographic appearance of the
neoplastic lesion [5].

Although computed tomography (CT) and
magnetic resonance imaging (MRI) have become
the workhorses of structural imaging, radio-
graphs and CT myelography still have specific
clinical values. While ultrasound offers a real-
time anatomic insight, nuclear medicine studies
depict biochemical events.

Evaluation and Staging of Spinal
Tumors

There is no gold standard single method or pro-
tocol for evaluating and staging spinal neo-
plasms. Instead, there are numerous modalities
with different advantages and disadvantages,
and the choice usually depends on availability,
cost, type of spinal tumor, sensitivity, specificity,
radiation dose, acquisition time, clinicians’
experience and preferences, as well as patient’s
general condition and her/his relative and abso-
lute contraindications.

Conventional Radiography

Conventional spine radiography using X-rays is
widely accessible, rapidly available, and cheap.
They are ubiquitous to evaluate patients present-
ing with neck or back pain in primary and emer-
gency care settings, particularly in patients with a

known history of cancer. In neoplastic processes,
their ability is limited to demonstrating areas of
osteolysis (hypodensity) or osteosclerosis (hyper-
density) [6]. Typical radiographic findings asso-
ciated with skeletal tumors include vertebral
body collapse, pedicle erosion (“wink-owl”
sign), paraspinal soft tissue shadow (i.e., paraspi-
nal mass), and osteosclerosis and osteolysis gen-
erally sparing the intervertebral disc margins [7].
The pattern of osteolysis may indicate the aggres-
siveness of the tumor. Generally speaking, benign
tumors tend to grow slowly and thus have distinc-
tive margins; they are referred to as “geographic”
lesions [8].

The limited ability of radiographs to reveal
anatomical defects has been recognized for sev-
eral decades. Edelstyn et al. [9] reported that
between 50% and 75% of the cancellous bone
thickness in the beam axis on the lateral view had
to be absent to become radiographically appar-
ent, and the defect needed to be even more sig-
nificant to be visualized on the AP view. Between
17% and 26% of vertebral metastasis fail to
exhibit radiologic evidence of disease on spinal
radiographs [10, 11]. Because of superimposition
effects, the identification of neoplastic processes
is more challenging in the skull, spine, and pelvis
[12]. Radiologic diagnosis is facilitated when
there is cortical involvement and a high level of
vertebral mineralization [9]. However, cortical
involvement is rather rare in both pathologic [9]
and osteoporotic fractures [13]. In addition, ver-
tebral mineralization tends to decrease with age
[9]. Moreover, vertebral collapse identified on
radiographs were not associated with tumor
deposit in 22% of cancer patients [11].
Consequently, radiographs are not a suitable
stand-alone technique for adequate evaluation
and staging of spinal tumors [6, 12].

Nevertheless, they still offer some clinical
advantages. Although there is no universally
accepted definition for spinal instability, plain
radiographs are commonly obtained to assess
overall alignment and mechanical spinal stability
in the subacute setting. Moreover, chest X-ray is
an easy and cheap screening tool in the context of
a metastatic workup. In a prospective study
including 40 consecutive patients with skeletal
metastases of unknown origin, findings on plain
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radiographs of the chest led to the diagnosis of
lung cancer in 43% of patients [14].

With regards to the field of spinal oncology,
plain radiographs are useful in assessing and mon-
itoring (i) spinal stability and deformity (upright,
flexion, extension and lateral bending), (ii) global
spinal balance (3-foot standing, i.e., weight-bear-
ing full spine, sagittal, and coronal views), (iii)
deformities, (iv) arthrodesis (i.e., fusion), (v) spi-
nal alignment, as well as positioning and integrity
of the instrumentation and implant system postop-
eratively, and (vi) although a normal radiograph
cannot rule out the presence of a metastasis, an
abnormality on X-ray in the appendicular skeleton
prompts further evaluation, and therefore, it is use-
ful as a “rule-in” method [12].

Computerized Tomography (CT)

Given its relatively low cost, widespread avail-
ability, and exceptional speed, computed tomog-
raphy (CT) with intravenous (IV) and oral
contrast is the favored initial modality for the
Tumor, Nodal, and systemic Metastasis (TNM)
staging system, which is a recognized standard
for classifying the extent of spread of cancer. In
fact, for most types of cancers, the TNM system
is the preferred method for the initial and subse-
quent staging [12, 15].

With regards to the skeletal system, CT has
the advantage of not involving superimposition
of anatomical structures, higher spatial resolu-
tion, ability to use windowing to optimize bone
and soft-tissue contrast, and ability to acquire
whole-body (WB) imaging while minimizing
radiation exposure using low-dose technique.
Moreover, because data are acquired from a sin-
gle imaging procedure consisting of multiple
contiguous or one helical scan, it is possible to
obtain CT axial, sagittal, coronal reformatted
images, and even 3D reconstructions, which can
be useful for complex resection planning. Given
that the volume acquisition has the same value
regardless of the direction in which it is mea-
sured, these reformatted images have the same
quality as the source images [16]. As a result, CT
offers significant advantages in the evaluation of
spinal tumors, as a result [6]. In fact, CT is con-
sidered the best modality for the evaluation of
mineralized tissues [17].

In the evaluation of spinal tumors, CT is per-
formed in most cases with a large field of view
and no contrast medium, given that the use of IV
contrast does not provide relevant additional
information. Because it depicts both trabecular
and cortical bone with high resolution, CT per-
mits excellent visualization of the bony architec-
ture. It is useful for assessing osteoslerotic,
osteolytic, and periosteal reactions, as well as the
presence of bony fragment in the spinal canal.
Specifically for surgical planning, CT angiogra-
phy (CTA) may provide enough information
regarding the tumor blood supply and its relation-
ship to the surrounding vasculature to avoid per-
forming a conventional angiography [16].
Moreover, in patients who cannot get an MRI
(e.g., patients with a pacemaker or who suffer
from extreme claustrophobia) or who underwent
spinal reconstruction involving metallic devices,
the opacification of the cerebrospinal fluid (CSF)
in CT myelogram enables identification of struc-
tural causes for abnormal CSF distribution, such
as in cases of intradural spine lesions or compres-
sion of the thecal sac by an extradural mass lesion
[18]. Of note, myelography has been associated
with a risk of acute neurologic deterioration in
patients with severe spinal cord compression
causing a high-grade block and should be used
with caution in this circumstance [19].

However, CT has limited sensitivity for bone
marrow infiltration [12, 20]. This constitutes a
significant shortcoming in the assessment of spi-
nal metastases, as they primarily arise in the ver-
tebral bone marrow [16]. In addition, it may be
difficult to appreciate cortical alterations in
patients with osteoporosis or degenerative
changes [7]. Finally, ionizing radiation exposure
is always a drawback to keep in mind [20].

CT is the preferred technique for further bony
appraisal of suspect scintigraphy or MRI find-
ings, especially when a positive uptake is associ-
ated with a normal radiograph [7]. Further, CT is
useful for characterizing spatial configuration of
the lesion, which is particularly critical in the
planning of surgical treatment involving resec-
tion and instrumentation. In addition, CT is use-
ful for investigating spinal stability (e.g., SINS
classification), ossification processes, and frac-
ture risk [12, 18]. Lastly, it is the best method to



42

A. Nater and M. G. Fehlings

assess arthrodesis and spinal alignment along
with positioning and integrity of the instrumenta-
tion and implant system postoperatively.

Magnetic Resonance Imaging (MRI)

In spinal tumors, when possible, appropriate
evaluation of the tumor component of the TNM
system virtually always requires that CT is sup-
plemented by magnetic resonance imaging
(MRI). To date, MRI is the gold standard for the
initial identification and anatomical evaluation of
spinal tumors [21].

MRI is currently the modality of choice in the
detection and examination of spinal tumors. It
enables detailed characterization of the tumor
vascularity, bone marrow, and spinal canal
involvement. It also delineates the relationship of
the tumor with surrounding paraspinal and neu-
rovascular structures, including intrinsic spinal
cord signal abnormalities [22]. MRI provides
such high soft-tissue and bone marrow contrast,
as well as three-dimensional spatial resolution
that neoplastic processes in the bone marrow can
be observed even when cortical and trabecular
bone components are still intact [ 12]. T1-weighted
images (WI), T2-WI, T2-WTI fat saturated (typi-
cally short tau inversion recovery, i.e., STIR), and
postcontrast T1-WI fat-saturated sequences are
usually obtained [18]. Vertebral bone marrow
changes are best demonstrated on T1-WI [18],
whereas the extent and degree of canal compro-
mise and spinal cord compression is generally
best appreciated on T2-WI. The epidural spinal
cord compression (ESCC) scale [23] is based on
axial T2-WI MRI; this grading system is particu-
larly useful in treatment planning. T1-WI with
contrast enhancement aids to better delineate epi-
dural extension and the location of tumors rela-
tive to the different spinal compartments
(extradural, intradural-extramedullary, and intra-
medullary), which helps in elaborating an appro-
priate differential diagnosis [22]. It also helps in
differentiating enhanced viable tumor from areas
of non-enhanced necrosis [16] or simple cystic
areas that may be present in some benign tumors,
which is particularly useful for biopsy planning,
because it optimizes the likelihood of obtaining a
diagnostic sample during fine needle aspiration,
core needle biopsy, or surgical quick sections.

Contrast enhancement is best demonstrated on
fat-saturated T1-WI MRI. However, when imag-
ing the cervical or thoracic spine, phase-encoded
motion artifacts due to respiration and/or swal-
lowing may lead to inhomogeneous suppression
of the fat signal, which may hamper the overall
image quality as a result [16]. Furthermore, the
application of STIR for intramedullary tumors
may be limited by poor signal to noise and greater
sensitivity to motion than standard T2-weighted
sequences [3].

Diffusion-weighted imaging (DWI) is a quan-
titative form of MRI based on measurement of
the random motion, i.e., diffusion, of biological
molecules, mainly water, within a voxel of tissue.
Cell membranes (i.e., high cellularity), cellular
swelling, blood vessels, and fibrotic tissues typi-
cally restrict diffusion, thus exhibiting lower dif-
fusion coefficients and appearing with a relatively
high signal intensity in DWI. DWI remains sensi-
tive to T1 and T2 relaxation, and T2 shine-
through is a known cause of artifactual high
signal on DWI. Therefore, restricted diffusion is
reflected by a high signal in DWI confirmed by
low signal on apparent diffusion coefficient
(ADC) maps, i.e., abnormal diffusion restriction.
There is a growing interest for the DWI technique
in spine oncology as neoplastic tissues generally
consist of densely cellular and highly vascular-
ized structures, and therefore exhibiting restricted
diffusion [24]. In particular, tumors infiltrating
the bone marrow, such as plasmacytoma/multiple
myeloma, can be difficult to detect using tradi-
tional MRI sequences; DWI can help differenti-
ate them from hyperplastic or other benign
changes [18].

Technical shortcomings of DWI are related to
the small size of the spinal cord, the heteroge-
neous magnetic environment, and inherent
motion in and around the spine. Despite these,
and despite a lack of definition of the clinical util-
ity of DWI in spine oncology, this technique has
gained popularity. For example, DWI is sensitive
to ischemic damage and changes in spinal mar-
row, which can aid in distinguishing benign from
malignant insufficiency fractures. The usefulness
of DWTI in this setting had yet to be defined [25].

As mentioned above for CTA, in the context
of surgical planning, MR angiography (MRA)
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may provide valuable anatomical vascular infor-
mation that might justify or preclude the need for
a conventional angiography [16]. In addition to
better imaging of the bone marrow, the fact that
MRI does not involve ionizing radiation is
another advantage over CT for staging.
Furthermore, in patients with poor renal function,
the use of gadolinium can be avoided given that
T1-WI and STIR sequences provide adequate
imaging of the bone marrow [12].

Thanks to recent advancements including fast
image acquisition, rolling platform extenders
mounted on top of a conventional MRI table, and
the implementation of dedicated software, whole-
body MRI (WB-MRI) is now feasible in scan
times under 1 hour [3].

Nuclear Medicine and Molecular

Imaging

Kircher et al. [26] define molecular imaging in
oncology as “in vivo characterization and mea-
surement of the key biomolecules and molecu-
larly based events that are fundamental to the
malignant state.” Molecular imaging technolo-
gies are used across numerous fields, including
nuclear medicine, radiology, pharmacology,
molecular and cell biology, engineering, phys-
ics, and mathematics [26]. There are various
molecular imaging techniques used in nuclear
medicine that provide physiological (i.e., func-
tional) imaging with two- (i.e., planar) or three-
dimensional depictions. In nuclear medicine,
quantification refers to the ability to reliably
quantify activity [27, 28].

Bone Scintigraphy (BS) and Single-
Photon Emission Computed

Tomography (SPECT)

Bone imaging involves the use of a radionuclide,
most often Technetium-99m (99mTc), bound to
a bisphosphonate, typically methylene diphos-
phonate (MDP), forming the radiotracer 99mTc-
MDP. The amount of 99mTc-MDP that becomes
integrated to hydroxyapatite crystals during
bone synthesis is proportional to local blood
flow and osteoblastic activity. 9mTc-MDP rap-
idly localizes to areas of both bone perfusion and
synthesis and clears quickly from the back-
ground [29].

Whole-body (WB), regional, and three-phase
images are different types of planar bone imag-
ing. Planar whole-body images, i.e., bone scintig-
raphy or bone scan (BS), have been used for
several decades. BS permits a rapid survey of the
entire skeleton in a single examination, at rela-
tively low costs and with good sensitivity [29].
BS has been used for decades as the primary
method for staging, and despite its limitations
related to diagnostic specificity, it is still widely
use in clinical practice [30]. Because of their
greater resolution, regional bone images allow
further detailed evaluation of specific body parts.
In three-phase bone imaging, the radiotracer is
injected as a bolus. The serial images obtained
over time serve as an angiographic depiction of
regional arterial and venous flow in bones and
soft tissues. In addition, there are no contraindi-
cations to this imaging modality, and it is a proce-
dure that is well tolerated by patients [29].

Bone scans are highly sensitive but perform
relatively poorly in terms of specificity. In fact,
benign and malignant primary neoplasms, meta-
static tumors, fracture healing, Paget’s disease,
infectious processes, and inflammatory processes
such as active degenerative osteoarthritis are all
associated with radionuclide uptake (i.e., a posi-
tive or “hot” bone scan). Furthermore, certain
conditions are typically associated with “cold” or
photopenic, i.e., false-negative, bone scan, such
as in tumors that cause active osteolysis (e.g.,
very aggressive, osteolytic bone tumors where
almost no reactive hypermetabolism bone syn-
thesis occurs), in indolent processes that induce
little bone healing (e.g., chordoma), in isolated
bone-marrow infiltration (e.g., metastasis from
renal cell carcinoma, lymphoma, leukemia, or
plasmacytoma/multiple myeloma), and in areas
where the blood flow is disrupted (bone infarcts)
[12, 31]. Observation of diffuse increased bone
uptake throughout the skeleton, sometimes in the
context of decreased renal activity suggested by
the “absent kidney sign” (i.e., no physiologic
pooling of radionuclide in the kidneys), may fail
to highlight any “hot spots” and may be misinter-
preted as a negative scan. This phenomenon is
called “superscan.” It is typically seen with pros-
tate carcinoma. Radiologic correlation is gener-
ally diagnostic [29].
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BS is often complemented by SPECT or
SPECT/CT imaging. The SPECT technology
uses newer gamma cameras and software that
allow tomographic acquisitions and thus can pro-
vide three-dimensional representations of spe-
cific This offers a more precise
pathophysiologic assessment and localization of
the regions of bone synthesis within the “hot”
vertebra. SPECT is particularly useful for areas
markedly surrounded by soft tissue, such as the
thoracolumbar spine and pelvis. It also helps dif-
ferentiate malignant lesion from other entities
such as degenerative facet joint arthropathy,
active pars defect, or other benign processes [7].

areas.

Positron-Emission Tomography (PET)

PET computes the three-dimensional distribution
of radioactivity emitted by positron emitter
labeled radiotracers. The glucose analogue
BE-fluoro-2-deoxy-D-glucose ('*F-FDG) is one
of the most commonly used radiotracers in oncol-
ogy, especially for evaluating bone metastases.'8F-
FDG accumulates in cells proportionally to their
glucose intake; '®F-FDG is thus a marker for ele-
vated glucose metabolism [6].

BE-FDG is not specific to neoplastic cells.
However, alterations in glucose metabolism are
one of the early events in carcinogenesis. In fact,
most neoplasms are metabolically highly active
and demonstrate increased expression and activ-
ity of glucose transporters in the cell membrane
and glycolytic enzyme hexokinase. They also
tend to favor the anaerobic glycolytic pathway,
adding to their already augmented glucose
demands. These combined mechanisms result in
tumor cells incorporating and retaining higher
levels of ¥F-FDG, relative to surrounding non-
neoplastic cells [26].

Vertebrae, paraspinal muscles, CSF, epidural
fat, leptomeninges, and nerve roots normally
show relatively low '8F-FDG uptake and thus
consist of the background tissues for evaluating
BE-FDG avidity for spinal tumors. Although the
spinal cord is also generally considered a back-
ground tissue, focal increase, mostly in the cervi-
cal and lumbar segment, has been described as a
physiologic variant finding. Additionally, other
sources of false-positive results are a shortcom-
ing of ¥F-FDG PET. Cancer patients may exhibit

marrow hyperplasia as a response to endogenous
or exogenous hematopoietic stimulating factors
[32]; some therapeutic protocols involve using
granulocyte colony-stimulating factor (G-CSF)
[6], which stimulates metabolic activity in the
bone marrow. The resulting increased uptake of
BE-FDG may be misinterpreted as diffuse neo-
plastic marrow infiltration. Moreover, in the
spine, because of partial volume effects, this
bone marrow hyperplasia may also lead to higher
BFE-FDG uptake by neighboring structures
located within the spinal canal. Consequently,
given the variability in physiologic "F-FDG
avidity within the spine, the diagnosis of a spinal
tumor requires that evidence from anatomic
imaging, such as those provided by CT or MRI,
corroborate PET results [32].

Some tumor entities are associated with low-
level ¥F-FDG uptake. In fact, in PET examina-
tion, the ability to detect a lesion depends on
several biological and technical factors, includ-
ing the size, cellularity and overall glycolytic
activity of the lesion, background "“F-FDG
uptake in surrounding tissues, proper patient
preparation, and type of scanner used. For pri-
mary bone tumors, '®F-FDG uptake is variable.
Although malignant tumors tend to be more 8F-
FDG avid than benign tumors, this principle is
more consistent for tumors of the same histologic
type than for different ones [33]. For instance, the
mean 'SF-FDG uptake was similar for giant cell
tumors than for malignant lymphomas of the
bone [34]. Ewing’s sarcoma and low-grade osteo-
sarcomas [35], along with low-grade chondrosar-
comas and osteochondromas, have been reported
to have low 'F-FDG uptake [34]. Similarly, low-
grade lung adenocarcinoma, renal cell carci-
noma, and neuroendocrine (mucinous) neoplasms
are often associated with low ®F-FDG uptake
[36]. In addition, osteoblastic metastases usually
show lower metabolic activity and are thus often
undetected by *F-FDG [37].

Ultimately, in contrast to CT, MRI, BS, and
SPECT that enable the identification of tumors
based on structural changes, 'F-FDG PET allows
detection and quantitative characterization of
neoplasms based on direct physiologic activity
even before any morphologic alterations become
evident on anatomic imaging studies [38].
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Moreover, unlike BS and SPECT, "*F-FDG PET
also offers the advantage of detecting neoplastic
processes not only in the skeleton but also in mul-
tiple organ systems. '®F-FDG-PET can thus be
used for complete, whole-body staging and for
identifying the site of primary tumor in patients
who present with a metastasis but have no prior
history of cancer.

There is strong evidence that *F-FDG uptake
correlates with both poor prognosis and poor
response to treatment for certain neoplasms,
including hepatocellular carcinoma, low-grade
lymphoma, and prostate cancer. For example,
patients with high *F-FDG uptake tend to pres-
ent with higher disease stage and metastatic
spread and are less likely to respond to radiother-
apy, transarterial chemoembolization, and liver
transplantation [36].

Nonetheless, ®F-FDG PET is expensive, lacks
spatial resolution for precise localization and
characterization of the increased radiotracer
uptake, and has limited specificity [38]. Of note,
from this point on, PET will refer to ""F-FDG
PET unless otherwise specified.

Although Fluorine 18-Sodium Fluoride ('*F-
NaF) was approved by the FDA in 1972 for the
detection of osteogenic activity, it was rapidly
replaced by 99mTc, given the better imaging
abilities of the latter for gamma cameras in con-
trast to the high-energy photons of ! BF-
NaF. Similarly to 99mTc-MDP, !F-NaF
becomes integrated to hydroxyapatite crystals
during bone synthesis proportionally to local
blood flow and osteoblastic activity. The
increased use of combining PET and CT may
encourage a renewed interest in '*F-NaF in the
form of 8F-NaF PET/CT for clinical use in neo-
plastic bone imaging [39].

Hybrid Techniques

Hybrid techniques include SPECT/CT, PET/CT,
and PET/MRI. They couple the visualization of
bone metabolism with anatomical imaging,
thanks to the fusion of complementary images.
Consequently, the combination of the two tech-
niques enhances the overall diagnostic yield in a
synergistic manner since the resulting specificity
is superior to either modality used on its own [6].
PET/CT and PET/MRI studies are traditionally

generated using the retrospective fusion of data
obtained on two separate apparatuses [12], but
similarly to SPECT/CT, PET/CT and PET/MRI
now exist as a single integrated device [40]. Of
note, although simultaneous acquisition improves
image quality by eliminating temporal and spa-
tial registration changes, the clinical throughput
is more limited, and software solutions and the
stability of the scanner are less robust compared
to individual PET and MRI systems [41]. In addi-
tion, PET/CT and PET/MRI allow estimation of
the metabolic tumor volume (MTV) and total
lesion glycolysis (TLG) [27]. In PET, quantifica-
tion is a process that involves measuring the max-
imum standardized uptake value (SUV ,,,), which
corresponds to the single pixel value of the most
active voxel of osseous radioactivity concentra-
tion in a given lesion [27, 28]. MTV is the sum of
the volume of voxels with SUV surpassing a
threshold value in a tumor [42], whereas TLG is
the product of MTV and the mean SUV of the
MTYV [43].

Evidence Related to Current Imaging
Modalities

To date, there is no standardized protocol related
to the characterization and determination of over-
all tumor burden. Although the decision-making
process regarding which combination of tech-
niques to employ in conjuncture with the elected
course of action is greatly influenced by the type
of primary tumor and ultimately tailored to each
individual patient, various studies have attempted
to compare current imaging modalities. The vast
majority of these studies were performed for
metastatic vertebral disease.

It must be emphasized that because systematic
and universal biopsy is not feasible or ethical,
comparative studies of imaging to detect tumors
suffer from lack of a gold standard. For example,
many comparative studies of imaging methods
use different scanners, protocols, and surrogate
parameters as their diagnostic reference standard.
In addition, a diverse combination of histopatho-
logic analysis and radiographic confirmation is
reported with different imaging techniques.
Consequently, it is difficult to generalize the
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overall body of evidence. We recognize that the
inclusion of publications in this section is incom-
plete; the goal is to present the general trends and
ongoing uncertainties so as to highlight the
necessity of a multimodal approach.

All MRI studies were performed on a 1.5-
Tesla (T) scanner unless specified otherwise. The
diagnostic accuracy was typically quantified as
(i) the proportion of true positive and true nega-
tive in all evaluated cases, i.e., standard accuracy;
(i1) the diagnostic odds ratio (DOR), i.e., for
instance, the ratio of the odds of a test revealing
bone metastases in patients that have bone metas-
tases relative to the odds of the test revealing
bone metastases in patients who do not have bone
metastases, (iii) the area under receiver operating
characteristic (AUROC) curve that is a combined
measure of sensitivity and specificity, depicting
the average value of sensitivity for all possible
values of specificity [44—46].

Primary Spinal Tumors

Yang et al. [47] reported that compared to CT and
plain radiograph, although MRI demonstrated a
higher sensitivity (92.75% vs. 86.96% vs.
76.81%), specificity (89.86% vs. 88.41% vs.
68.96%), and accuracy (91.30% vs. 86.96% vs.
78.26%) in the diagnosis of primary spinal
tumors, respectively, only sensitivity and accu-
racy were statistically different.

Franzius et al. [48] evaluated 32 and 38
patients with histologically proven osteosarco-
mas and Ewing’s sarcomas, respectively. Of note,
the location (i.e., appendicular vs. axial skeleton)
of the primary malignancies was not specified.
There were a total of 54 bone metastases (49
from Ewing’s sarcomas and 5 from osteosarco-
mas). BS detected all five metastases from osteo-
sarcoma but PET detected none. However, PET
was superior in identifying metastases from
Ewing’s sarcoma (sensitivity: 100% vs. 68%;
specificity: 96% vs. 87%; and accuracy: 97% vs.
82%). PET was shown to have higher sensitivity
and specificity for spinal metastases than BS in
lymphoma [49].

In their review, Liitje et al. [50] concluded that
PET complemented with either low-dose WB-CT

or WB-MRI was more sensitive than radiographs
for the diagnosis and skeletal screening of multi-
ple myeloma. Response therapy was better
assessed with PET than WB-MRI. "F-FDG
uptake decreases within hours after effective
therapy and persistent positive PET results cor-
related with earlier relapse, whereas it takes
approximately 9-12 months for lesions to resolve
on MRIL

Bone Metastasis

The sensitivity of PET has been reported to be
higher for osteolytic lesions and lower for osteo-
sclerotic lesions than BS [37, 51]. Therefore, BS
usually identifies metastases from breast, pros-
tate, and lung cancers, which often demonstrate
mainly osteosclerotic activity. On the other hand,
primarily osteolytic metastases, such as renal cell
or thyroid carcinoma, as well as plasmacytoma or
multiple myeloma, are better detected by PET
[52]. PET/CT is more sensitive than BS in detect-
ing bone metastases in patients with cancer with
the added advantage of identifying unknown pri-
mary tumors and visceral metastases [52].
Moreover, although PET/CT and BS had equal
specificity (98%), PET/CT has greater sensitivity
(97% vs. 83%) and accuracy (98% vs. 93%) for
detecting skeletal metastases in patients with
cancer [53].

The number of lesions demonstrated by 99m
Tc-MDP bone scan and '®F-NaF PET/CT was
equal in 4/37 (11%) of the cases. '*F-NaF PET/
CT showed a greater number of pathological foci
in 89% of participants. 'SF-NaF PET/CT was
able to show both lytic and blastic lesions, and
small lesions were better visualized due to the
advantage of sectional imaging with much better
resolution and higher target/background ratio.
BF-NaF PET/CT demonstrated a greater number
of metastases in 10/12 (83%) of the patients when
compared to 8F-NaF PET/CT. In the other two
patients, bone metastasis could be demonstrated
only by F-NaF PET/CT. The uptake of '°F-
FDG was variable in blastic lesions, and cranial
bone involvement was missed by "F-NaF PET/
CT in some cases due to physiological bone
metabolism.
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In detecting bone metastases in cancer
patients, a meta-analysis revealed that on both a
per-patient and per-lesion basis, while

(1) PET/CT and PET had similar specificity, the
sensitivity, and diagnostic accuracy was sig-
nificantly higher with PET/CT, and

SPECT and BS had similar sensitivity, the
specificity, and diagnostic accuracy was
higher with SPECT. Overall, PET and MRI
were similarly accurate but significantly bet-
ter than BS and CT (Table 4.1) [54].

(ii)

Although both WB-PET/CT and WB-PET/
MRI had high diagnostic ability for skeletal
metastases, PET/MRI was slightly superior on
a per-patient and per-lesion basis for correctly
identifying malignant lesions [55]. Another
study revealed similar results. When compar-
ing WB-MRI and PET/CT, although WB-MRI
detected skeletal metastases with statistically
greater sensitivity (94% vs. 78%) and accuracy
(91% vs. 78%) than PET/CT, both had rela-
tively equal specificity (76% vs. 80%) [56].
Eiber et al. [57] reported equivalent overall

Table 4.1 Summary evidence for detecting bone metastases

Author,
year, type
of study

Detecting bone metastases

Yang,
2011,
meta-
analysis

Cancer patients
Per-patient basis
Pooled sensitivity estimates

(72.9%)
Pooled specificity estimates

(79.9%)
Pooled DOR estimate

Per-lesion basis
Pooled sensitivity estimates

(74.5%)
Pooled specificity estimates

(83.2%)
Pooled DOR estimate

PET/CT (93.7%) > MRI (90.6%) = PET (89.7%) > BS (86.0%) = SPECT (82.6%) > CT

PET/CT (97.4%) = PET (96.4%) = MRI (95.4%) = CT (94.8%) > SPECT (92.8%) > BS

PET/CT > PET = MRI = CT > SPECT > BS)

PET/CT (94.2%) > MRI (90.4%) > PET (80.1%) > CT (77.1%) = SPECT (76.8%) > BS

PET/CT (97.2%) = PET (96.9%) > SPECT (96.3%) = MRI (96.0%) > BS (92.1%) > CT

PET/CT > PET = MRI > SPECT > BS > CT

Liu, 2011,
meta-
analysis

Breast cancer
Per-patient basis
Pooled sensitivity estimates

Pooled specificity estimates

Pooled DOR estimates
MRI > PET = BS

MRI > PET > BS
Per-lesion basis
Pooled sensitivity estimates
BS (87.8%) > PET (52.7%)
Pooled specificity estimates
PET (99.6%) > BS (96.1%),

PET > BS

MRI (97.1%) > PET (83.3%) = BS (87.0%)

MRI (97.0%) = PET (94.5%) > BS (88.1%)

Diagnostic accuracy (summary AUROC)

Pooled DOR estimates and diagnostic accuracy (summary AUROC)

(continued)
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Table 4.1 (continued)

Shen, Prostate cancer

2014, Per-patient basis (*there was not enough data to analyze SPECT)
meta- Pooled sensitivity estimates

analysis MRI (0.95) > choline-PET/CT (0.87) > BS (0.79)

Pooled specificity estimates
choline-PET/CT (0.97) > MRI (0.96) > BS (0.82)
Pooled DOR estimates
MRI (343.16) > choline-PET/CT (150.70) > BS (20.32)
Summary AUROC
MRI (0.9870) > choline-PET/CT (0.9541) > BS (0.8876)
Per-lesion basis (*there were not enough data to analyze MRI)
Pooled sensitivity estimates
SPECT (0.90) > choline-PET/CT (0.83) > BS (0.59
Pooled specificity estimates
choline-PET/CT (0.95) > SPECT (0.85) > BS (0.75)
Pooled DOR estimates
choline-PET/CT (99.78) > SPECT (78.16) > BS (6.21
Summary AUROC
choline-PET/CT (0.9494) > SPECT (0.9381) > BS (0.7736)
Takenaka, | Non-small-cell lung cancer (NSCLC)

2009, Per-patient basis

prospective Sensitivity estimate

cohort PET/CT (96.0%), BS (96.0%), WB-MRI with DWT (96.0%), and WB-DWI
study (96.0%) > WB-MRI without DWI (64.0%)

Specificity estimate
WB-MRI without DWI (90.0%) = WB-MRI with DWI (90.0%) = PET/CT (85.6%) > BS
(83.3%) > WB-DWI (78.9%)
Accuracy
WB-MRI with DWI (91.3%) > PET/CT (87.8%) = BS (86.1%) > WB-MRI without DWI
(84.3%) = WB-DWI (82.6%)
Per-lesion basis
Sensitivity estimate
PET/CT (97.0%) > BS (95.5%) = WB-MRI with DWI (95.5%) = WB-DWI
(95.5%) > WB-MRI without DWI (73.1%)
Specificity estimate
WB-MRI without DWI (96.4%) = WB-MRI with DWI (96.1%) > PET/CT (95.4%) = BS
(95.0%) > WB-DWI (93.7%)
Accuracy
WB-MRI with DWI (96.1%) > PET/CT (95.5%) = BS (95.0%) = WB-MRI without DWI
(94.8%) > WB-DWI (93.9%)

Liu, 2017, | Spinal metastasis

meta- Per-patient basis
analysis Sensitivity
MRI (94.1%) = SPECT (90.3%) = PET (89.8%) > BS (80.0%) = CT (79.2%)
Specificity

MRI (94.2%) = CT (92.3%) = BS (92.8%) > SPECT (86.0%) > PET (63.3%)
Diagnostic odds ratio
MRI (151.7) > SPECT (57.2) > BS (36.4) > CT (19.3) = PET (12.5)
Diagnostic ability (*summary ROC curve could not be calculated for CT because there were
only two studies included)
MRI (0.9693) > SPECT (0.9525) > BS (0.8968) > PET (0.8295)
Per-lesion basis
Sensitivity
SPECT (92.3%) = MRI (90.1%) = PET (88.7%) > BS (80.2%) > CT (66.7%)
Specificity
MRI (96.9%) = CT (95.4%) > SPECT (72.0%) = BS (73.5%) = PET (70.9%)
Diagnostic odds ratio
MRI (286.1) > SPECT (43.4) > CT (24.2) = PET (18.8) > BS (8.6)
Diagnostic ability
MRI (0.9887) > BS (0.8297) > SPECT (0.8281) = PET (0.8281) > CT (0.7255)

> Statistically significantly superior
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performance for WB-PET/CT and WB-PET/
MRI.

In their meta-analysis, Wu et al. [58] high-
lighted the ongoing uncertainty regarding the
superiority of WB-MRI over BS. Indeed, despite
showing significantly higher DOR, WB-MRI and
BS had comparable sensitivity and specificity
(0.84 vs. 0.83 and 0.96 vs. 0.94, respectively)
[58]. Another meta-analysis revealed the compa-
rable sensitivity, specificity, and accuracy of
WB-DWI and WB-MRI with DWI. The authors
suggested that WB-DWI could be used as an
independent technique to identify bone metasta-
ses [59].

Of note, in their review, Ellmann et al. [6]
reported that '®F-fluoride is a promising radionu-
clide tracer for the evaluation and staging of
spinal tumors. This is because it is associated
with easier early detection of skeletal metastases,
greater bony accumulation compared to 99mTc-
MDP and has the advantages of not imposing
dietary or physical activity limitations. Lastly,
unlike FSG moieties, '*F-fluoride does not con-
tribute to overall increases in blood glucose
concentration.

Disease-Specific Studies

SPECT is more sensitive than BS and is also
superior in characterizing equivocal lesions in
patients with breast cancer with bone metastases
[60]. On a per-lesion basis, SPECT was also sta-
tistically significantly more sensitive (85% vs.
17%) and accurate (96% vs. 85%) than PET,
whereas both modalities had comparable speci-
ficity (99% vs. 100%) in the detection of bone
metastases from breast cancer. Although PET
showed much less sensitivity at identifying osteo-
sclerotic lesions than SPECT (6% and 92%,
respectively), PET more readily revealed osteo-
lytic lesions (90% vs. 35%) [61]. Consequently,
Uematsu et al. [61] highlighted that PET should
not be used as a stand-alone modality.

Liu et al. [62] concluded that for diagnosis of
bone metastases in patients with breast cancer,
MRI was superior to PET and BS on a per-patient
basis, while despite a much lower sensitivity,
PET had a higher specificity and accuracy than
BS on a per-lesion basis (Table 1). Another meta-

analysis reported greater sensitivity, specificity,
and accuracy (AUROC) for PET-CT (0.93; 0.99;
0.98) than for BS (0.81; 0.96; 0.94) in detecting
bone metastases in patients with breast cancer
[63].

In their review, Azad et al. [5] highlighted the
low glycolysis rate associated with skeletal
metastases from prostate cancer and the scarce
number of studies using the conventional '8F-
FDG PET as a result. They also reported that
although various radiotracer imaging methods,
e.g., '"C-choline-PET/CT, '"F-choline-PET/CT,
or ®F-fluoride-PET/CT are available to detect
bone metastases in patients with metastatic pros-
tate cancer, none have been demonstrated to be
superior [5]. Shen et al. [64] performed a meta-
analysis comparing choline-PET/CT, MRI,
SPECT, and BS in the diagnosis of bone metasta-
ses in patients with prostate cancer. While new
PET tracers have shown promising results,
because of their high accuracy in the detection of
bone metastasis in prostate cancer, to date,
1C-choline and 'F-choline are the most fre-
quently used. The authors also reported that MRI
showed better diagnostic accuracy than choline-
PET/CT and BS (p < 0.05), and choline-PET/CT
was better than BS (p < 0.05). The authors con-
cluded that MRI and choline-PET/CT were more
accurate than SPECT and BS for detecting bone
metastases in patients with prostate cancer
(Supplement Table 4.1).

The SKELETA clinical trial prospectively
evaluated the ability of WB-MRI-DWI, '*F-NaF
PET/CT, SPECT/CT, and BS to identify bone
metastases in 26 breast and 27 prostate high-risk
cancer patients. Overall, WB-MRI-DWI and '8F-
NaF PET/CT showed similar sensitivity, specific-
ity, and accuracy on both a per-patient and
per-lesion basis when the equivocal lesion find-
ings of the imaging were classified suggestive for
metastases or for nonmetastatic origin and were
superior to SPECT/CT and BS [65].

In their prospective study on 95 patients with
small-cell lung cancer (SCLC), among which 30
harbored bone metastases, Lee et al. [66] con-
cluded that PET/CT could replace BS because on
a per-patient basis, PET/CT showed 100% sensi-
tivity, specificity, and accuracy as oppose to 37%,
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92%, and 75%, respectively, for BS, and on a per-
lesion basis, the sensitivity, specificity and accu-
racy were 86.9%, 100%, and 88.4% for PET/CT
and 28.6%, 0%, and 25.3% for BS, respectively.
Similarly, a meta-analyses reported higher sensi-
tivity (92% vs. 77% vs. 86%) and specificity
(98% vs. 92% vs. 88%) for PET/CT compared to
MRI and BS, respectively, for patients with lung
cancer [67]. However, Tekenaka et al. [68] pro-
spectively evaluated the sensitivity, specificity,
and accuracy of BS, PET/CT, WB-DWI (i.e.,
precontrast-enhanced DWI in coronal and sagit-
tal planes), WB-MRI without DWI (i.e., pre- and
postcontrast-enhanced inphase  T1-gradient
echo, precontrast-enhanced opposed-phase
T1-gradient echo, and precontrast-enhanced
STIR turbo spin-echo images in coronal and sag-
ittal planes), and WB-MRI with DWI (i.e., com-
bination of WB-DWI and WB-MRI) in 25
patients with bone metastases from non-small-
cell lung cancer (NSCLC). The authors con-
cluded that WB-MRI with DWI is more specific
and accurate than BS and PET/CT in detecting
bone metastases in patients with NSCLC
(Supplement Table 4.1) [68].

A recent systematic review highlighted that
despite the heterogeneity of the studies, with the
majority lacking independent reference standard,
WB-MRI was associated with a higher ability to
identify bone lesion in patients with multiple
myeloma than PET/CT with a sensitivity ranging
from 68% to 100% and from 47% to 100% for
WB-MRI and PET/CT, respectively. However,
WB-MRI had a lower specificity (37-83% vs.
62-85.7%) [69].

Spinal Metastases

In their recent meta-analysis, Liu et al. [7] com-
pared MRI, CT, PET, BS, and SPECT for the
detection of vertebral metastases. The diagnostic
odds ratio (DOR) is a measure of effectiveness
for diagnostic tests. It is the ratio of the odds of
the test revealing a vertebral metastasis in patients
that have a vertebral metastasis relative to the
odds of the test revealing a vertebral metastasis in
patients who do not have a vertebral metastasis.
The authors concluded that MRI was the best

modality for diagnosing vertebral metastases
both on a per-patient and per-lesion basis, while
SPECT was the second best modality on a per-
lesion basis (Supplement Table 4.1).

Staging
Antoch et al. [70] reported a superior perfor-
mance in overall TNM staging for PET/CT over
WB-MRI with a greater standard accuracy for
T-stage (80% vs. 52%) and N-stage (93% vs.
77%), but with comparable ability to differentiate
between MO and M1 disease (94% vs. 93%).
However, Heusch et al. [71] reported that
PET/CT and PET/MRI had comparable accuracy
for TNM staging in patients with solid tumors.

Special Considerations Posttreatment
After 4-12 weeks from treatment initiation for
bone metastasis, successful therapy may be asso-
ciated with increased osteosclerotic activity, giv-
ing rise to the “flare phenomenon” on BS,
resulting in the appearance of previously occult
lesions as “new” deposits. This phenomenon
makes the distinction between disease progres-
sion and temporary healing osteoblastic response
from successful therapy challenging up to
6 months after treatment has been started [6, 12].
Nonetheless, it was reported that only 52% of
treatment responders showed scintigraphic
improvement and 62% of nonresponders showed
scintigraphic deterioration [72], which could
delay the decision to change the therapeutic regi-
men to a more effective one [5].

Metallic spinal instrumentation impacts image
acquisition and reconstruction in CT and MRI
scans, degrading the image quality and hindering
a thorough assessment of the surrounding struc-
tures as a result [73]. By absorbing radiation,
metal implants not only impede the planning but
also the execution of postoperative percutaneous
RT with photons and particularly with protons or
heavier ions [74]. While metallic instrumentation
causes beam hardening, splay artifacts, scatter
effects, and nonlinear partial volume effects
along its edges in CT, the resulting inhomoge-
neous magnetic fields in MRI induce false spatial
readouts leading to geometric distortion, signal
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loss, and pile-up effects, and failure of homoge-
neous fat suppression [75]. Just as a higher mag-
netic field strength creates more obtrusive
artifacts, so too do CT images obtained using a
scanner with more than four channels does accen-
tuate artifacts [73].

The specificities related to CT and MRI scan-
ners, acquisition protocols, and reconstruction
algorithms are beyond the scope of this section
since most surgeons have no control over these
factors. In CT imaging, metal-related artifacts are
typically more profound in the soft-tissue win-
dow. When instrumentation is present, soft tis-
sues are optimally appraised by interactively
changing the window width and level settings.
Also, wide window settings are best for review-
ing images. Materials with a lower X-ray beam
attenuation coefficient, i.e., density, create less
artifacts: plastic (with polyetheretherketone
(PEEK) being the main plastic material, such as
in carbon fiber-reinforced PEEK implants) < tita-
nium < vitallium < stainless steel < cobalt-
chrome [73].

Large differences between the magnetic prop-
erties of human tissues and metal instrumentation
produce more local magnetic field inhomogene-
ities, which alter the phase and the frequency of
local spins, and therefore increase image arti-
facts. Among others, the composition, the size,
and the orientation of instrumentation impact the
severity of artifacts. Metal-related artifacts on
MRI can be minimized by using non-
ferromagnetic or paramagnetic instrumentation,
such as carbon fiber-reinforced PEEK and tita-
nium, rather than ferromagnetic implants, such as
those made of stainless steel, by opting for the
smallest implants and construct (e.g., smaller
screws and thinner plates), and by positioning the
instrumentation parallel to the direction of the
main magnetic field. While fast spin-echo pulse
sequence is the most resistant to metal-related
artifacts, gradient-recalled echo (GRE) sequence
is the least. In addition, fat saturation techniques
are particularly sensitive to susceptibility artifact
from spinal instrumentation; thus, it is preferable
to use STIR when evaluating the instrumented
spine. Given that an MRI scan with lower mag-

netic field strength might not be available, select-
ing imaging parameters such as small field of
view, high-resolution image matrix, thin sections,
increased echo train length, and higher gradient
strength for small voxel sizes may help decrease
the extend of artifacts in MRI images obtained
from high-field-strength magnet [73].

Furthermore, scattering effects of ionizing
radiation or particles with metallic instrumenta-
tion are associated with the risk of over irradia-
tion of neighboring structures, limiting the use of
postoperative radiotherapy, as a result. Jackson
et al. [76] measured radiation dose across four
3-level constructs in two spinal locations (upper
and lower thoracic) in a cadaveric metastatic
tumor model. They compared four groups, all of
which included the same posterior instrumenta-
tion, which consisted of an anterior polyether
ether ketone (PEEK) cage, an anterior titanium
cage, an anterior bone cement cage (polymethyl
methacrylate), and a posterior instrumentation
alone group. The distribution of radiation therapy
was significantly more uniform with the PEEK
construct [76]. Numerous studies support the
safety and efficacy of Carbon-Fiber Reinforced
PEEK (CFR-PEEK) fixation systems, i.e., rods
and screws, with regards to intraoperative com-
plications, stability at weight bearing, and at
functional recovery. In addition, their radiolu-
cency and minimal dose alteration allow for more
accurate treatment planning and execution, as
well as for early local recurrence detection on
follow-up imaging [74, 77-79].

Radiation therapy induce well-known changes
in the bone marrow depending on the patient age,
absorbed dose, size of the radiation field, beam
energy, and fractionation, as well as interval
between treatment and MRI image acquisition.
Although the bone marrow shows no apparent
change in the first 2 weeks following a dose of
30 Gy on TI1- and T2-WI, STIR reveals an
increased signal intensity generally associated
with bone marrow edema [18, 80]. However,
bone marrow shows an early and transient
increase in contrast enhancement at 2 weeks after
the initiation of radiation therapy, followed by a
marked decrease at 4 weeks [81]. Fatty
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replacement usually starts at 3 weeks after treat-
ment, reflected as an increasingly heteroge-
neous signal on T1-WI. In the chronic phase
(at 6 weeks), the bone marrow may display two
imaging patterns: homogeneous fatty replace-
ment, i.e., homogeneous T1-WI hyperintensity,
or a central high T1-WI area surrounded by a
band-like intermediate T1 signal (sandwich
vertebral body), believed to represent a central
fatty core surrounded by red marrow regenera-
tion [18, 80].

Granulation, scar tissue, or epidural fibrosis,
particularly within the surgical epidural and peri-
neural spaces, may show enhancement on MRI
with contrast from up to 6 weeks to 6 months
postoperatively [82], which may be difficult to
distinguish from tumor recurrence or progres-
sion. Therefore, early imaging following tumor
resection helps to establish a postoperative base-
line for the patient, but also may maximize the
ability to differentiate residual enhancing tumor
from postsurgical changes. Also, STIR may ease
the assessment of enhancing tissue, especially in
the presence of metallic implants and impaired
fat suppression [3].

Future Advances

A great deal of interest has focused on creating
more efficient software programs to increase
diagnostic image quality generated from less
robust data sets, lower doses of ionizing radia-
tion, and shorter imaging periods. However, the
next generation of advances in imaging for the
detection and staging of spinal tumors include
continuing to improve existing hardware modali-
ties and investigating new technologies.

High-Field MRI

The size and extent of the spinal cord still repre-
sents an important challenge for MR image
acquisition in the spine. High magnetic field
imaging of the spine is a potential solution. This
technology not only improves resolution for
sequences requiring rapid-acquisition, e.g.,
MRA, but 7T MRI offers over four times the
baseline signal-to-noise (SNR) in contrast to the
conventional 1.5T. Thus, small structures, such
as the spinal cord, can be better imaged.

Downsides associated with high field imaging
include increased specific absorption rate (SAR)
and, as mentioned earlier, stronger sensitivity to
susceptibility distortions, as observed with metal-
lic implants. Of note, SAR corresponds to the
electromagnetic energy, expressed as watts per
kilogram, delivered to tissue, which results in tis-
sue heating during an MRI examination.

Optimized and new MRI sequences aim to
improve the identification and delineation of
lesions, as well as differentiate tumor histologies
and grades. For instance, improvement in T2-WI
may enhance the visualization of lesions, espe-
cially within the spinal cord and CSF space by
reducing artifacts from patient motion and CSF
pulsation. Furthermore, optimized and new MRI
sequences show great promise beyond the initial
detection and staging of spinal neoplasms. For
instance, they may in the future better help distin-
guish between residual/recurrent tumor and from
posttreatment changes, evaluate responses to
treatment, and determine with better accuracy the
proximity of key spinal cord tracts, which can be
useful for surgical planning and/or prognostica-
tion [3].

Diffusion Tensor Imaging

One example of such progress is diffusion tensor
imaging (DTI). Although DTI is similar to DWI
in that it evaluates the level of water diffusion
restriction, it also involves a directional compo-
nent. It has been used to investigate white matter
tracts in the CNS, where the diffusion of water
molecules is restricted by myelin sheaths of
axons. Therefore, diffusion is typically greater in
the direction of the long axis of the white matter
fibers, and rather limited in directions perpen-
dicular to the tracts. This property called anisot-
ropy can be both quantified and used to generate
three-dimensional images illustrating white mat-
ter tracts, i.e., diffusion tensor tractography [18,
83]. In their review, Liu et al. [83] reported that
fractional anisotropy may help identify and eval-
uate spinal cord lesions according to three main
relationships between the white matter tracts and
spinal cord tumors: (i) displacement of fibers, (ii)
fibers crossing the tumor, and (iii) complete

encasement of fibers within the tumor.
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Displacement of white matter fibers is thought to
characterize benign spinal cord tumors and be an
indication for total resection. Intramedullary
ependymoma tends to be encapsulated, forming a
plane of cleavage separating the tumor from the
spinal cord and displacing the white matter fibers
as a result. Similarly, 75-85% of intra-medullary
astrocytomas are low-grade fibrillary or pilocytic
and tend to displace the tracts. Conversely, high-
grade astocytomas often infiltrate adjacent to
neural tissue and thus tend to encase white matter
fibers [83].

Dynamic Contrast-Enhanced MRI

Dynamic contrast-enhanced MRI (DCE-MRI) is
a non-invasive perfusion imaging technique that
involves modeling the kinetic properties of gado-
linium as it is absorbed through tissue. It can be
used to examine and monitor alterations in bone
marrow microcirculation that result from angio-
genesis and changes in blood vessel permeability
in spinal neoplasms [50]. DCE-MRI uses various
measures of tumor vascularity, such as capillary
permeability (k trans) and plasma volume (Vp).
However, its potential diagnostic utility is debated
primarily because of limited field of view and
substantial institutional variability in perfusion
imaging protocols [21].

Liu et al. [84] examined DTI and DCE-MRI
perfusion in 12 patients with intramedullary
tumors and 13 with tumor-like in the cervicome-
dullary junction region and cervical spinal cord.
Liu et al. [84] found that neoplasms were associ-
ated with significantly lower mean fractional
anisotropy values while the mean trace apparent
diffusion coefficient and peak height values were
significantly larger in contrast to tumor-like
lesions. The AUROC curve was the highest for
peak height, with a sensitivity of 90.9% and spec-
ificity of 80% using a cutoff value of 4.523 for
distinguishing tumors and tumor-like lesions.
The authors concluded that DTI and DCE-MRI
perfusion could help differentiate between intra-
medullary tumors and TLL in the cervicomedul-
lary junction region and cervical spinal cord [84].

Other potential advantages of DCR-MRI
relate to determining patients who would benefit
from antiangiogenic drugs, such as bevaci-

zumab, a monoclonal antibody inhibiting vascu-
lar endothelial growth factor (VEGF), assessing
disease activity, and response to therapy [50]. In
fact, DCR-MRI may facilitate the discrimination
between viable and necrotic tumor deposits by
assessing the degree of ablation of the microvas-
culature [6]. The development of diverse fast
acquisition sequences, including parallel imag-
ing and trigger techniques, shows promise in
improving image quality. This will ease the
implementation of DTI and DCR-MRI in clini-
cal spinal oncology. For instance, the “field-of-
view” optimized and constrained undistorted
singe shot (FOCUS) is a recent DWI sequence
based on a two-dimensional spatially selective
radiofrequency pulse, which employs a reduced
field of view in the phase-encoding direction,
decreasing distortion as a result [83].
Nonetheless, to date, many of the newer MRI
methods, such as perfusion, diffusion, func-
tional, or spectroscopic imaging, still require
further development to overcome shortcomings
before their utility in spinal oncology can be
accepted. In addition, long scan times for these
technologies are also an ongoing practical limi-
tation [3, 83].

Newer PET Radiolabeled Molecules

There are several metabolic and tumor-directed
PET tracers under investigation. For instance,
3-fluoro-3-deoxy-Lthymidine ("*F-FLT) is a
marker of DNA synthesis and demonstrates
higher uptake in cells with high proliferation
rates. Therefore, 'SF-FLT may help differentiate
hematologic disorders by showing high cycling
activity in the bone marrow [50]. In addition,
tumor-directed agents are also being used and
appraised, such as radiolabeled bombesin ana-
logs, DOTATATE, “F-FES against the gastrin-
releasing peptide receptor (GRPr), somatostatin
receptor, and estrogen receptor. Targeted molecu-
lar imaging shows potential in detecting, staging,
and monitoring response to treatment. Current
limitations to the application of this approach
include inter- and intra-tumoral heterogeneity,
alteration of expression of molecular targets after
any treatment, along with issues related to avail-
ability and cost effectiveness [21].
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Conclusion

To date, there is no gold standard imaging modal-
ity or protocol for the evaluation and staging of
spinal tumors. For each patient, the choice of the
optimal diagnostic and staging imaging method
or technique is ensured via a multidisciplinary
approach involving the surgeon, radiologist,
medical oncologist, and radiation oncologist. The
selection of imaging studies is based on availabil-
ity, cost, type of spinal tumor, sensitivity, speci-
ficity, radiation dose, acquisition time, clinicians’
experience and preferences, and the patient’s
general condition and her/his relative and abso-
lute contraindications.

Advances in imaging for the identification and
staging of spinal metastasis are directed toward
improving hardware design as well as sequence,
data acquisition, sampling, processing, and refor-
matting software so as to enhance sensitivity,
specificity, and accuracy. This will facilitate the
assessment of various parameters and biomarkers
on a morphological, functional, and molecular
level. Additional improvements relate to
minimizing scan duration, cost, and exposure to
ionizing radiation.
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Trends in Cancer Mortality

The American Cancer Society estimates just over
1.6 million new cancer diagnoses in 2019, com-
pared to over 1.7 million in 2018 [1, 2]. As inci-
dence declines, cancer-specific  mortality
improves. The annual decrease in cancer death
rate in men and women is 1.8% and 1.4%, respec-
tively. Importantly, the cancer death rate has
dropped by 27% from 1991 to 2016 translating to
over 2.6 million fewer cancer deaths than would
have occurred had cancer incidence remained at
its peak [1].

The improvement in cancer incidence and
mortality is multifactorial. Significant efforts
have been made toward early detection. One such
effort was the National Lung Screening Trial
(NLST), a randomized study comparing annual
low-dose chest computed tomography (CT) to
chest radiograph as a screening modality in high-
risk individuals, which showed a significant rela-
tive risk reduction in mortality in lung cancer
with early detection [3]. Reduction in tobacco
use is also related to decreased cancer incidence,
with the Centers for Disease Control and
Prevention (CDC) report a decline in current
smokers from 20.9% in 2005 to 14% in 2017,
with an associated increase in even smokers who
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have quit [4]. Finally, advances in systemic ther-
apy for local and metastatic disease have largely
contributed to decreased cancer mortality. These
include widespread use of targeted therapies such
as tyrosine kinase inhibitors (TKIs) and mono-
clonal antibodies, and immunotherapy such as
checkpoint inhibitors. It is, therefore, increas-
ingly important to recognize these trends to allow
appropriate multidisciplinary decision-making
when approaching patients with advanced dis-
ease, specifically those with spine involvement
which can be associated with a significant burden
of cancer morbidity for these patients.

Lung adenocarcinoma is a notable example
where multidisciplinary care has led to dramatic
improvements in survival. Overall prognosis for
lung adenocarcinoma has traditionally been poor,
particularly in the metastatic setting in which the
5-year overall survival is less than 10% [5].
However, a subset of patients with advanced non-
small-cell lung cancer (NSCLC) harbor activat-
ing mutations in epidermal growth factor receptor
(EGFR), the receptor tyrosine kinase ROS1, or
anaplastic lymphoma kinase (ALK) for which
targeted therapies are now available. Recently,
the third-generation EGFR-TKI osimertinib was
found to be associated with a progression-free
survival (PES) of 18.9 months compared to
10.5 months with first- or second-generation TKI
[6]. This benefit was also noted in patients with
brain metastases, in which the median PFS of
central nervous system (CNS) disease was
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15.2 months for osimertinib compared to
9.6 months with first- or second-generation
TKI. Several additional studies of various TKIs
including alectinib, ceritinib, and crizotinib have
shown improved PFS, many of which had dura-
ble responses [7-9]. Spinal metastases remain a
major source of morbidity in patients with
advanced lung cancer, with over 50% of advanced
lung cancer patients with bone metastases found
to have spinal involvement. Novel systemic
agents may allow for a more aggressive approach
to spinal metastases that historically were consid-
ered futile. In fact, the presence of activating
mutations in patients with spinal metastases was
associated with an improved overall survival (HR
0.38, p = 0.03) [10]. Thus, nuances in diagnosis
and treatment must be weighed when interven-
tion is being considered.

Over the past decade, our understanding of the
immune system’s role in cancer has evolved, and
the use of immunotherapy has contributed to
improved survival in several solid tumors. In ran-
domized studies, checkpoint inhibition with anti-
PD1/PDL1 antibodies alone or in combination
with cytotoxic chemotherapy have consistently
shown significant improvement in overall sur-
vival in the metastatic setting compared to che-
motherapy alone [11, 12]. One-year survival in
metastatic melanoma has improved from approx-
imately 25% in the pre-immunotherapy era to a
3-year OS rate of 63% with dual checkpoint
blockade [13]. Checkpoint inhibitors alone or in
combination with tyrosine kinase inhibitors have
also significantly improved PFS and OS in meta-
static renal cell carcinoma [14, 15].

Each of the diseases discussed above have a
propensity to develop spine metastases, leading
to significant morbidity and mortality for patients.
Historically, aggressive local therapies were
avoided due to the overall poor prognosis of this
patient population. However, it is imperative to
consider the improved survival in the era of novel
systemic therapies when determining whether
aggressive intervention in the setting of spinal
metastases should be undertaken. A multidisci-
plinary approach can offer opportunities for
meaningful treatment options and prognosis
improvements.

Systemic Therapy for Primary Bone
Tumors

Primary bone tumors involving the spine may be
benign, such as giant cell tumor of bone (GCTB)
or malignant, including osteosarcoma, Ewing
sarcoma, chondrosarcoma, and chordoma.
Management of osteosarcoma and Ewing sar-
coma with multi-agent chemotherapy, possibly in
combination with surgery and/or radiation ther-
apy, remains the standard of care. Historical clin-
ical trials, primarily in the pediatric population,
have clearly demonstrated the role for surgery
and/or radiation interdigitated with chemother-
apy [16, 17]. Attempts to improve outcomes by
intensification of chemotherapy based on percent
viable tumor on resected specimen in osteosar-
coma were unsuccessful resulting in little change
to the treatment paradigm of these tumors [18].
While there have been few advances, the standard
approach to management of these tumors contin-
ues to require close multidisciplinary
collaboration.

Chondrosarcoma, the second most common
primary bone tumor after osteosarcoma, most
commonly occurs in the pelvis [19, 20]. Surgery
has remained the mainstay of treatment because
of the tumor’s relative insensitivity to chemother-
apy and radiation. However, given the tumor’s
propensity for axial locations, surgical resection
can be challenging. Furthermore, the utility of
surgical intervention is reduced in the metastatic
setting prompting the need for development of
more effective systemic treatment options.
Mutations in IDH1/2 lead to hypermethylation of
DNA and histones resulting in enhanced tumori-
genesis [21]. Importantly, more than 50% of con-
ventional chondrosarcomas harbor somatic
mutations of IDH, making this an attractive ther-
apeutic target [22, 23]. Ongoing clinical trials are
evaluating the role of IDH inhibitors in various
solid  tumors including chondrosarcoma
(NCT02073994, NCT02273739, and
NCT02481154). Additional pathways that may
serve as therapeutic targets in chondrosarcoma
include the hedgehog pathway, SRC pathway,
and mTOR pathway. Results of these investiga-
tions are promising and if proven efficacious may
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significantly alter the treatment paradigm and
long-term prognosis for chondrosarcoma includ-
ing opportunities for combined modality
approaches.

Chordoma, a malignancy of the notochord
remnants, is a primary malignancy of the axial
skeleton for which en bloc resection remains
standard of care [24]. However, given the loca-
tion of these tumors, complete resection is often
not feasible. Radiation therapy has been known
to provide both a therapeutic and palliative
advantage when complete surgical resection is
not recommended [25-27]. Systemic therapy
options for chordoma are limited, with cytotoxic
chemotherapy having little efficacy [28]. A phase
IT study of the multi-kinase inhibitor imatinib in
advanced chordoma showed a clinical benefit
rate of 64% with duration of 6 months or longer
[29]. Additional studies have evaluated the role
of other TKIs in advanced chordoma including
sunitinib and sorafenib, though these agents have
never been compared head-to-head [30, 31]. A
subset of chordomas exhibit EGFR mutations,
and in these cases lapatinib, an oral EGFR inhibi-
tor, has shown activity [32]. Brachyury, a tran-
scription  factor involved in  notochord
development, has been known to be overex-
pressed in chordoma [33]. There are ongoing
clinical trials evaluating therapeutic strategies
that exploit this overexpression, specifically drug
therapy in combination with radiation
(NCT03595228, NCT02383498).

Giant cell tumor of bone (GCTB) is a rare,
benign but locally aggressive skeletal tumor that
typically occurs after skeletal maturity in patients
in their 20s and 30s [34]. In the United States,
GCTB represents 15-20% of all benign bone
tumors [34]. GCTB, though generally benign,
does represent a spectrum of neoplasia and has
unpredictable clinical behavior. Malignant trans-
formation is rare, but in a Swedish population-
based registry, malignancy accounted for up to
8% of all diagnoses of GCTB [35]. While com-
plete surgical resection may provide the most
durable local control, alternative treatment strate-
gies may provide good disease control with func-
tional advantages, such as joint preservation.
GCTB often occurs in the appendicular skeleton,

but spinal GCTB are not infrequent and pose a
treatment challenge. Spinal tumors are consid-
ered to have an overall worse prognosis com-
pared to appendicular tumors with a higher rate
of local recurrence, likely due to difficulty in
achieving a negative margin resection [36, 37].
Bone remodeling is modulated by production
of receptor activator of nuclear factor kB ligand
(RANKL) by osteoblasts. Osteoclasts are depen-
dent on RANKL, and in its absence undergo
apoptosis. GCTB have high expression of
RANKL on neoplastic stromal cells resulting in
activation of RANK-positive osteoclast-like giant
cells [38, 39]. Denosumab, a human monoclonal
antibody against RANKL, blocks interaction
between the tumor stromal and osteoclast-like
giant cells resulting in loss of both cell types and
reversal of osteolysis. Based on its mechanism of
action, denosumab was evaluated in patients with
locally advanced or recurrent GCTB and shown
to halt bone destruction and induce tumor regres-
sion in 20/20 patients when administered subcu-
taneously at a dose of 120 mg every 4 weeks [40].
An international phase II study of denosumab in
GCTB is ongoing with interim analysis showing
tumor response in 163/169 patients after a median
follow-up of 13 months [41]. Patients enrolled in
this trial have received denosumab monthly for a
minimum of 6 years with some of the patients
receiving drug for more than 8 years. Therefore,
neoadjuvant denosumab may be used to reconsti-
tute the bony shell and aid in complete surgical
resection. Figure 5.1 shows representative MR
images for a patient with a spinal/paraspinal
GCTB pre-denosumab (A-C) and after 3 months
of treatment (D-E). The patient subsequently
underwent complete resection. For patients who
are deemed inoperable, denosumab offers a rea-
sonable treatment option for control of disease
and improvement in symptoms. However, as
therapy is administered monthly, treatment-
related toxicities including osteonecrosis of the
jaw (ONJ) and atypical bone fracture are observed
in higher frequency than in patients receiving
therapy for osteoporosis. It was recently reported
that 6% of patients on long-term denosumab for
GCTB developed ONJ while 4% developed atyp-
ical bone fracture [42]. This is compared to 1%
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Fig.5.1 Spinal/paraspinal GCTB before (a—c) and after (d—f) 3 months of denosumab. Coronal T1 (a); axial T2 (b, ¢);
T1 gadolinium with fat saturation; coronal (d); and axial (e, f)

incidence in patients receiving therapy for osteo-
porosis. Thus, close monitoring for toxicity is
important when receiving therapy long-term.

Systemic Therapy for Metastatic
Disease

Bone metastases are unfortunately increasingly
common, particularly in patients with advanced
lung, prostate, renal, thyroid, and breast cancer.
As both systemic and local treatment modalities
continue to improve, the approach to patients with
metastatic disease to bone is no longer limited
to single modality therapy. Several approaches
with combined systemic and local therapy to
augment response have provided encouraging
results. For example, TKI and immunother-
apy have both been shown to enhance tumor
response to radiotherapy. Renal cell carcinoma
(RCCQ) is traditionally felt to be relatively radio-
resistant, with higher doses of radiation needed
to achieve response [43]. Multiple TKIs have
shown efficacy in metastatic RCC. Interestingly,
a retrospective analysis in RCC patients receiv-
ing stereotactic radiosurgery for metastatic RCC
to the spine noted significantly improved local
control rate in patients receiving concurrent
front-line TKI therapy [44]. Synergy with combi-

nation immunotherapy and radiation therapy has
also been reported. Radiation can induce antigen
expression, release pro-inflammatory cytokines
that recruit immune cells, promote antigen cross-
presentation, and induce tumor expression of
death receptors [45, 46]. Therefore, combining
radiation with immunotherapy may have syner-
gistic effects and is being explored in multiple
cancers including lung and others. While this
may be an attractive approach to management
of local disease, this treatment strategy may also
apply to the metastatic setting, particularly in the
situation of oligometastatic disease where resec-
tion may not be feasible. These are just a few
examples that highlight how a multidisciplinary
approach may greatly improve long-term out-
comes for patients with advanced disease.
While treatment of existing bone metastases
often provides palliation to patients, it is impor-
tant to consider options for prevention of further
bone metastases. Bisphosphonates such as
zolendronic acid and RANKL inhibitors such as
denosumab have been evaluated in this setting in
multiple diseases at risk for bone involvement
including multiple myeloma, breast cancer, and
prostate cancer. Direct comparison of deno-
sumab vs. zolendronic acid in patients with mul-
tiple myeloma and bone disease showed that
monthly denosumab was noninferior to monthly
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zolendronic acid for time to first skeletal-related
event (HR 0.98, 95% CI 0.85-1.14) [47].
However, in men with castration-resistant pros-
tate cancer, denosumab was superior to zolen-
dronic acid in prevention of skeletal-related
events (HR 0.82, 95% CI 0.71-0.95, p = 0.0002)
[48]. Denosumab was also found to be superior
to bisphosphonates in breast cancer patients with
bone metastases for reducing skeletal-related
events (RR 0.78,95% CI10.72-0.85, p <0.00001)
[49]. Interestingly, combination of zolendronic
acid with hypofractionated radiation therapy for
treatment of vertebral metastases in various solid
tumors was well tolerated and suggested a reduc-
tion in the rate of vertebral collapse with
improved pain and adequate tumor control [50].
Together these data inform on the use of preven-
tative agents, as well as potential for combina-
tion with radiation to improve disease control
and patient symptoms.

Perioperative Drug Safety

As previously highlighted, the efficacy of sys-
temic therapies continues to improve, resulting in
improved overall survival even in advanced dis-
ease. Therefore, there is a trend toward a more
aggressive approach in the management of meta-
static disease including utilization of radiation,
surgery, vertebral augmentation, and ablative
procedures. In patients receiving novel therapies
including TKI, immunotherapy, etc., it is impor-
tant to consider the implications of treatment on
bleeding risk and wound healing when surgical
interventions are planned as these risks differ
from traditional cytotoxic chemotherapy.

Agents that have antiangiogenic activity includ-
ing bevacizumab or TKI with VEGF inhibition can
lead to impaired wound healing and increased
bleeding. Several studies have evaluated perioper-
ative complications with the use of these agents to
identify the optimal time between treatment and
surgical intervention. Withholding systemic treat-
ment in the metastatic setting has implications on
overall tumor burden, thus one must be thoughtful
about the risks and benefits of the duration of any
periprocedural drug holding period.

Bevacizumab has a half-life of 20 days, thus
the general consensus is to hold for at least
4 weeks prior to surgery. Oral TKIs with VEGF
inhibition have a much shorter half-life and can
be held for a shorter period of time in the periop-
erative setting. Studies in renal cell carcinoma
suggest a 3 day washout for sorafenib, 1 week for
sunitinib, and 5-7 weeks for bevacizumab [51,
52]. Another case series of TKI and surgery in
RCC suggested a washout of 2 weeks [53].

While there are no widely agreed upon guide-
lines, Table 5.1 outlines general recommenda-
tions for holding drugs perioperatively to ensure
adequate wound healing and minimize risk of
bleeding complications. Of importance, each
TKI has its own labeling instructions for the rec-
ommended duration for which the drug should be
held before and after invasive procedures. It is
imperative to discuss timing of surgery with the
medical oncologist to determine when the patient
should be instructed to hold the drug with atten-
tion being given to each patient’s individual risk
factors in the context of systemic therapy.

There is no clear consensus on the peri-
operative management of immunotherapy. A
single-institution, retrospective analysis showed
immune checkpoint inhibitors to be safe in the
perioperative setting in multiple diseases and

Table 5.1 Guidelines for perioperative management of
systemic therapies

Postoperative
Drug category Preoperative hold| hold
Antiangiogenic | Bevacizumab® | Bevacizumab®:
agents 4-6 weeks 4 weeks
(pazopanib, Other: Other:
sunitinib, 1-2 weeks 1-2 weeks
bevacizumab,
axitinib)
TKI without No hold Resume when
angiogenesis tolerating oral
effect intake
(imatinib)
Immunotherapy | No hold No hold
Cytotoxic 3—4 weeks 2-4 weeks
chemotherapy based on based on wound
individual healing progress
patient count and surgeon
recovery clearance

“Longer perioperative hold recommended for bevaci-
zumab due to 20-day half-life



64

B. L. Siontis

various surgical procedures [54]. In that series,
the median time from last dose to surgery was
16 days (1-32 days), and the median time from
surgery to first dose was 18 days (8—14 days).
The wide range exhibited even within a single
institution highlights the lack of consensus. As
immunotherapy is being evaluated in the neo-
adjuvant setting, available data regarding safety
of these agents in the perioperative setting allow
for more informed recommendations. Of interest,
immunotherapy has been proposed as a possible
intervention to reduce postoperative immuno-
suppression and thus reduce perioperative tumor
growth, supporting the safety of these agents in
the perioperative period [55]. Therefore, gaps in
therapy are not likely required.

It is important to understand and recognize
that patients receiving immunotherapy are at risk
of hypophysitis and adrenal insufficiency. The
rate of these drug-related toxicities varies by
agent and is reported at an incidence rate of <0.1
to 6.4% [56]. Patients may be on long-term hor-
mone replacement including levothyroxine and
hydrocortisone. If not appropriately recognized,
these patients could suffer adrenal crisis in the
postoperative setting.

Conclusion

As systemic therapies improve, overall survival
for patients with primary or metastatic spinal
tumors also continues to improve. This must be
considered in development of treatment plans in
the metastatic setting as combined modality
approaches should be considered. A multidisci-
plinary approach is essential to ensure opportuni-
ties for meaningful intervention are not missed.
Furthermore, close communication between the
surgeon and the medical oncologist is imperative
to ensure appropriate management of systemic
therapies in the perioperative setting.
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Introduction

Although metastases, myeloma, and lymphoma
predominate among neoplastic lesions found in
the spine, benign tumors may represent a major-
ity of the remaining ~5% that are primary tumors
of the bone. In contrast with the metastatic spine
population, benign tumors typically occur in the
young and active population. Presentation may
vary from an incidental finding to severe pain and
neurologic symptoms. Of these benign lesions,
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the most commonly encountered are aneurysmal
bone cysts (ABCs), giant-cell tumors of the bone
(GCTs), osteoid osteomas (OOs), osteoblasto-
mas (OBs), hemangiomas, osteochondromas,
and Langerhans-cell histiocytosis [1, 2]
(Table 6.1).

With appropriate investigation and carefully
planned biopsy, the diagnosis can be made. Each
histological subtype has its own characteristics.
While most benign lesions share the same sys-
temic and local staging, the management of each
lesion should be tailored to its histology, ana-
tomic constraints, clinical presentation, and
patient characteristics. Similar to the primary
malignant bone tumors, the management of all
these benign tumors should follow the oncologic
principles elaborated by Enneking [3]. Referral
to a tertiary center with experience in treating
these rare tumors should be sought early in the

Table 6.1 Primary benign bone tumors of the spine

Incidence (%)

involving spine

(versus appendicular | Enneking
Tumor type skeleton) staging
Aneurysmal bone 15 S2, 83
cyst
Giant cell tumor 10 S3
of the bone
Osteoid osteoma 20 S1,S2
Osteoblastoma 40 S3
Hemangioma Most S1
Osteochondroma <5 S1,S2
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process, and multidisciplinary management is a
key component when treating these tumors. This
chapter will provide an overview of the investiga-
tion of a solitary spinal lesion, lay the general
oncologic principles of treatment, and review the
presentation, diagnosis, and alternative treat-
ments of the most commonly encountered pri-
mary benign bone tumors of the spine.

General Principles
Evaluation

An isolated spinal lesion mandates a thorough
workup, since the management of primary bone
tumors differs significantly from the management
of the more common metastatic spine disease. An
appropriate diagnosis along with local and sys-
temic staging is necessary before treatment of any
new lesion can be considered. While some benign
bony lesions have a classic appearance and the
diagnosis can be made by careful review of imag-
ing, atypical features or uncertainty about the
diagnosis usually mandates a tissue diagnosis.

Biopsy planning should either be discussed
with, or performed by, an oncologic spine sur-
geon who will perform the definitive surgery.
Especially in the case of a malignant lesion, any
tissue plane that is contaminated by the biopsy
needs to be excised. It has been demonstrated that
biopsy for malignant bone lesions in the spine
performed outside of a referral center was associ-
ated with increased local recurrence [4, 5].
Careful planning ensures that no structures are
excised unnecessarily. In the event of a benign
tumor, the biopsy tract is not usually excised, but
with an unknown lesion, it should be assumed
that the lesion is malignant until proven other-
wise, and hence, the general biopsy principles
should be applied.

Clinical Studies

Upright radiographs are useful both to character-
ize the lesion and to determine if there is any sec-
ondary instability. Some benign latent lesions

may present as “red herrings” and not as the
source of the patient’s symptoms. Radiographs
can help diagnose other common causes of pain.
The AP and lateral radiographs should be done in
an upright posture as this gives information about
potential instability (vertebral body collapse,
kyphosis, translation, etc.).

Most lesions, however, will require additional
imaging such as a computed tomography (CT) or
magnetic resonance imaging (MRI) for both
diagnostic and surgical planning purposes. CT is
the most accurate method for evaluating the bony
anatomy and particular characteristics of the
tumor (cortical destruction, calcification, etc.). It
delineates the extent of osseous involvement and
is the diagnostic study for some bone-based
lesions such as osteoid osteoma. Furthermore, it
can provide useful information regarding poten-
tial instability and allows proper planning for the
biopsy. However, in general, CT is not as sensi-
tive as MRI in the early detection of metastatic
disease and primary malignant bone tumors.

MRI is the best imaging modality for the eval-
uation of the epidural space and neural structures.
T1-weighted images are helpful for delineating
bone marrow architecture, fat content within
masses, and subacute hemorrhage. The adminis-
tration of gadolinium-based contrast material
results in enhancement proportional to soft tissue
vascularity and is helpful for differentiating cys-
tic lesions from cyst-like solid masses. Most
pathologic processes are often highlighted on
T2-weighted images due to their increased fluid
content.

Nuclear medicine studies (technetium 99 m,
SPECT, PET) are sensitive to areas with increased
radionuclide uptake. This is observed where there
is an increased osteoid reaction to destructive
processes in bones. However, these scans (with
the exception of SPECT) are limited in their
capacity to depict a detailed surgical anatomy
when compared with CT or MRI. A bone scan
can be used as a screening tool to determine
whether a lesion is solitary or multifocal.

Some lesions have classical location. Osteoid
osteoma, osteoblastoma, osteochondroma, and
ABC are commonly encountered in the posterior
elements, whereas GCT, Langerhans-cell histio-
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cytosis, and hemangioma more often affect the
vertebral body.

Lastly, as with any new lesion, workup con-
sists of local and systemic staging. Systemic
staging is completed with a chest CT scan. While
most benign tumors do not require any systemic
staging, the more aggressive lesions (giant cell-
tumor, osteoblastoma) can present with pulmo-
nary metastasis that should be assessed for at the
time of initial presentation.

Staging

The Enneking classification is the most com-
monly employed staging system for primary
bone tumors. Enneking classified primary bone
tumors into five categories along a spectrum from
a benign latent lesion to an aggressive metastatic
sarcoma [3]. Along this spectrum, benign lesions
are broken into three categories: latent, active,
and aggressive (Table 6.2). The basis of the clas-
sification system was to describe the biology of
the lesion in order to guide treatment.

Benign latent lesions (S1) are often asymp-
tomatic. They are fully encapsulated, intracom-
partmental lesions that adhere to fixed boundaries.
They have slow growth initially that ultimately
plateaus. From a histologic level, they have
mature well-differentiated cells. There is a low
cell-matrix ratio and there are no surrounding
inflammatory changes. A quiescent hemangioma
would be an example of a latent lesion.

Benign active lesions (S2) are slow-growing
lesions that may cause pain. As the lesion grows,
it can cause eccentric remodeling of the nearby
cortex without perforating through it. Compared
to benign lesions, there are more cells relative to

Table 6.2 Characteristics of benign lesions classified by
the Enneking classification

Latent | Active | Aggressive
ShH (52 3
Growth - + T+
Cell to matrix ratio + ++ +++
Reactive zone - + ++
Adheres to anatomic | 1/ Vv _
boundaries

the matrix, but the cells are still well differenti-
ated. There is a small zone of inflammatory cells
between the capsule and normal bone. An osteoid
osteoma is an example of an active lesion.

Benign aggressive benign lesions (S3) are
often painful, with their growth not limited to
cortical boundaries. They sometimes present
with an associated soft tissue mass. There is a
reactive zone surrounding the lesion and tumor
cells may extend beyond the pseudocapsule that
surrounds the tumor. The cells are well differenti-
ated with a benign appearance, but the occasional
mitotic figure may be present. Giant cell tumor of
bone is typically an aggressive lesion.

The Weinstein-Boriani-Biagini (WBB) clas-
sification describes a lesion according to its ana-
tomic location as it relates to the spine [6]. On
axial presentation, the WBB divides the vertebra
into 12 zones. Zone 1 represents the left half of
the spinous process followed by the others in a
counter-clock-wise manner. Last, a lesion is fur-
ther classified according to its layer: extraosseus,
intraosseus superficial, intraosseus deep, extraos-
seus extradural, or intradural. The goal of this
classification is to describe lesions and to help
guide treatment according to the local anatomy.

Understanding the biological behavior of a
lesion and its proximity to local critical structures
is a prerequisite for formulating a treatment plan.
These tumors are best treated in centers with
experience in treating these complex and rare
lesions. The treatment of an aggressive primary
benign bone lesion, either surgical or with alter-
native treatment options, should be discussed in a
multidisciplinary panel as its treatment needs to
be individualized.

Principles of Surgical Treatment

The general indications to operate for benign
tumors of the spine are mechanical instability,
uncontrolled pain, neurologic deficit, and to
achieve local control/cure [7, 8]. Depending on
the many variables, surgery may entail either an
en bloc resection or an intralesional resection. An
en bloc resection refers to the removal of the
tumor as a single piece. To be complete, the
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description of an en bloc resection should be
accompanied by its margins. A wide margin is
defined when there is a healthy cuff of tissue sur-
rounding the tumor. A marginal margin is when
the resection is in the reactive layer surrounding
the tumors. A margin is intralesional when the
tumor has been breached during the surgery or
when tumor cells are observed at the periphery of
the tumor specimen. In contradistinction, an
intralesional curettage can be planned and refers
to the resection of the tumor in a piecemeal fash-
ion. The tumor capsule is voluntarily opened, and
the tumor is resected. The intralesional resection
or curettage can be defined as a gross total if the
resection was complete.

The Enneking staging system can provide a
rough guide for the margins required when
resecting benign tumors of the spine. S1 tumors
generally do not require surgical intervention [9].
For S2 tumors, the recurrence rate may be accept-
able with intralesional excision [10, 9]. In con-
trast, intralesional resection of stage 3 tumors is
frequently associated with an unacceptable rate
of recurrence, and en bloc resection may be pre-
ferred [11, 9].

The Enneking principles are widely applied in
the treatment of appendicular primary bone
tumors, but due to the anatomical complexities of
the spine, its application traditionally has been
limited. However, with technological advances
and a better understanding of the behavior of
these tumors, the oncologic principles behind the
Enneking staging have gained acceptance in the
spinal community. An aggressive bony lesion that
extends beyond the cortex (extracompartmental)
has drastically different implications for resec-
tion if it extends into the spinal canal, anteriorly
compromising the vena cava or aorta, or posteri-
orly into the paraspinal musculature. Wide en
bloc resection may be a good option for the latter,
but not feasible if it requires sacrificing the spinal
cord or major vessels in order to achieve negative
margins, especially of the benign nature. In some
cases, the morbidity of an en bloc resection may
be deemed worse than the recurrence risk of
intralesional resection. Hence, a gross total resec-
tion might be preferred in some situations.

The location and morphology of the tumor
will also dictate surgical planning, and the
Weinstein-Boriani-Biagini (WBB) surgical stag-
ing system provides a framework with which to
make these decisions. As a general principle, an
en bloc resection is feasible if enough bone in the
posterior ring (formed by the lamina and pedi-
cles) is free of disease to allow clearance of the
thecal sac during resection.

Management by Histology

Presentation and treatment are summarized in
Table 6.3.

Giant Cell Tumor (GCT)
Introduction

Giant cell tumor of bone is a primary bone tumor
that accounts for approximately 5% of all pri-
mary bony tumors [12, 13, 14]. It most com-
monly presents in the second through fourth
decade of life. While it is a benign lesion, there is
a 2-7.5% rate of pulmonary metastasis that needs
consideration during the initial workup [15, 16,
17, 18]. In the appendicular skeleton, it has a pre-
dilection for the metaepiphyseal area of long
bones; however, approximately 10% of GCTs are
found in the spine and sacrum. Spinal GCTs are
highly vascular and have a predilection for the
thoracic and lumbar spine [19].

There are three main cell types on microscopic
examination: giant cells, monocytes, and mono-
nuclear stromal cells [20]. The stromal cells,
thought to be of osteoblastic origin, are consid-
ered to be the neoplastic cell in GCTs. The
H3F3A mutation is found in 92% GCT stromal
cells and can be a tool for histopathological diag-
nosis [20, 21].

Giant cell tumors are primary bone tumors
that typically appear as expansile osteolytic
lesions [19]. Their appearance is created from
thickening of existing trabeculae and cortex in
response to the tumor. In keeping with Enneking
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Table 6.3 Primary benign spinal lesions

Diagnosis Age Presentation Management/Treatment
Aggressive Any Mostly asymptomatic, pain For asymptomatic lesion, no treatment
hemangioma age-increased | and myelopathy are possible | For symptomatic lesion, vertebroplasty/
incidence kypholasty/ embolization/surgery
with age
Osteoid osteoma | Second and Pain relieved by NSAID If pain not controlled, thermal ablation or
third decades | Scoliosis intralesional resection depending on location
Male > female
Osteoblastoma Second and Dull, localized pain Surgical en bloc resection if feasible with
third decade Male > female acceptable morbidity or intralesional surgery
Osteochondroma | Third decade | Variable Surgical resection if symptomatic
Asymptomatic to nerve
compression
Hereditary multiple exostosis:
patients presenting with
multiple osteochondromas
Aneurysmal bone | Second Slow gradual onset of pain. Surgical resection with en bloc resection if
cyst decade Female > male feasible with acceptable morbidity or
intralesional surgery. Alternative with serial
embolization has been successful in case
series
Giant cell tumor | Second to Insidious pain Surgical resection with en bloc resection if
fourth Female > male feasible with acceptable morbidity.
decades Intralesional surgery is an alternative but
increased local recurrence. Denosumab is an
option for inoperable tumor and as an
neoadjuvant

S2 or S3 lesions, GCTs can form a thin neocor-
tex, or no cortex at all, with an accompanying
soft tissue mass. While not pathognomonic, one
feature of GCTs is that there can be an eccentric
sclerotic margin opposite the side where the
lesion is growing. When giant cell tumors are
present in the vertebral body, there can be an
associated pathological fracture causing vertebral
body collapse and sometimes vertebra plana. The
differential diagnosis of a GCT includes telangi-
ectatic osteosarcoma, chordoma, brown tumor,
and aneurysmal bone cyst.

Treatment

Surgery

Recently, the role of medical treatment has
emerged as a treatment option for unresectable
GCTs. However, surgery remains the mainstay of
treatment for GCTs when an appropriate surgical

resection can be performed. Surgical options
include intralesional or en bloc resection [22].
Mechanical (e.g., PMMA), chemical (e.g., phe-
nol), and thermal (e.g., liquid nitrogen) adjuvants
are commonly employed to reduce recurrence
rates following intralesional curettage. The appli-
cation of these adjuncts in the spine is limited due
to the vicinity of the neural structures and the risk
of iatrogenic injury. While intralesional resection
is a commonly employed technique in the appen-
dicular skeleton, it should be used with caution in
the spine due to the high recurrence rate. Local
recurrence is particularly difficult to manage in
the spine due to the complex anatomy.

In a series of 49 patients, Boriani et al. [23]
reported a 9% recurrence rate when S3 lesions
were treated with en bloc resection, and a 62%
recurrence rate when treated with intralesional
excision. They also reported a 6.3% recurrence
rate when S2 lesions were treated with intrale-
sional excision. Differentiating S2 and S3 lesions
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can be challenging, but typically, S3 lesions are
more aggressive, expansile, and have a soft tis-
sue component (see Table 6.2). In a different
large international retrospective study with 82
patients, intralesional resection was associated
with an increased local recurrence rate when
compared to en bloc resection [24]. Furthermore,
mortality correlated with local recurrence. In
2009, the spine oncology study group (SOSG)
recommended that when feasible, an en bloc
resection should be considered for the treatment
of spinal GCT [25]. However, consideration
must be given to the anticipated morbidity of an
en bloc resection in the setting of a benign but
aggressive disease.

After surgical resection, the National
Comprehensive Cancer Network has recom-
mended the following for surveillance: local and
chest surveillance every 6 months for the first
2 years and then yearly thereafter.

Medical Therapy

The hallmark of GCTs is the multinucleated
giant cells that express high levels of the recep-
tor of the activator nuclear factor kappa-B ligand
(RANKL). Activation of this pathway leads to
osteolysis. Denosumab is a monoclonal anti-
body that specifically inhibits RANKL and it
was hypothesized that this medication could
halt progression in inoperable GCTs. The first
clinical trial funded by AMGEN (the pharma-
ceutical company producing denosumab) found
a clinical response rate of 85% at 6 months [26].
Furthermore, on histopathological reports, over
90% of the multinucleated giant cells had disap-
peared with this treatment [27]. The second
clinical trial with 282 patients reported 75% of
clinical response rate, mostly a partial one [28].
These studies led to FDA approval in 2013 for
inoperable GCTs (Fig. 6.1). However, when
used as the definitive treatment, it may require
lifelong therapy. In spine surgery, in addition to
its role in unresectable GCTs, it has been used
as a neoadjuvant to reduce and calcify the tumor
prior to surgery. Further, neoadjuvant therapy
has also been shown to reduce intraoperative
blood loss [29]. In 2016, the AOSpine
Knowledge Forum Tumor (AOSKFT) recom-

mended denosumab either as a stand-alone for
treatment of inoperable GCT or as an adjuvant
prior to surgical resection [30]. Recommended
preoperative duration was 6 months or until
maximal tumor reduction/calcification has been
observed. While this is a promising medication,
there is uncertainty about long-term treatment
and its potential adverse events such as osteone-
crosis of the jaws and atypical femoral shaft
fracture [31]. Furthermore, there is concern for
tumor recurrence after denosumab discontinua-
tion. This is supported by the fact that the stro-
mal cells, the neoplastic cells in GCTs, are not
eliminated with denosumab. In the axial skele-
ton, its use has been tempered by increased
recurrence rates and the concern from some
case reports of malignant transformation fol-
lowing its administration [32, 33, 34, 35]. As
with any new treatment, caution is warranted.
However, despite its risks and drawbacks, deno-
sumab does have a role in unresectable tumors
or for use as a neoadjuvant.

Selective Arterial Embolization

Due to the hypervascular nature of these lesions,
preoperative  embolization is  commonly
employed to limit blood loss during intralesional
excision and facilitate dissection of segmental
arteries during en bloc resection of mobile spine
GCTs [30, 36, 37, 38]. While surgical manage-
ment is the first line treatment for giant cell
tumors, selective arterial embolization has been
employed with some success in some recurrent
and unresectable lesions. Serial embolizations
are carried out until there is no collateral blood
flow to the lesion. Small case series have shown
reossification with a low neurologic complication
rate [39, 40, 41, 42, 43, 44].

Radiation

Nearly all GCTs are radiosensitive; however, in
the past, the use of radiotherapy has been tem-
pered by the risk of secondary malignant trans-
formation [45, 46, 47]. Different sources report
the risk of secondary transformation between 11
and 27%; however, the use of megavoltage
machines compared to orthovoltage machines
has dramatically decreased this risk. Regardless,
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Fig.6.1 Giant cell tumor involving the sacrum. (a, b) Pre-denosumab on axial and sagittal CT scan. (¢, d) After | year
on denosumab on axial and sagittal CT scan

radiation does have a role in metastatic and non-
operable GCTs of the spine.

Aneurismal Bone Cyst
Introduction

An aneurysmal bone cyst (ABC) is a benign bone
tumor that most commonly presents in the sec-

ond decade of life [48]. It appears as a lytic,
expansile lesion with a predilection for the poste-
rior elements of the spine. It comprises 1.4% of
all bone tumors and 15% of primary tumors of
the spine. Aneurysmal bone cysts contain a
blood-filled sac with an endothelial lining that
can be a primary tumor, or secondary to another
benign or malignant lesion.

Approximately 75% of aneurysmal bone cysts
have a balanced translocation involving the
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proto-oncogene, USP6, found on chromosome
17p13 [20, 49]. The discovery of this genetic
alteration has become an important tool for
pathologists to diagnose an ABC. The absence of
the mutation mandates consideration of an alter-
nate diagnosis or that the ABC may be secondary
to another lesion.

Aneurysmal bone cysts can present as active
or aggressive lesions according to the Enneking
classification. They usually appear as lytic,
expansile masses. Further characterization of the
lesion with MRI reveals fluid-fluid levels from
hemosiderin settling when the patient lies supine
for the scan. The differential diagnosis for an
ABC includes secondary ABC and telangiectatic
osteosarcoma. Care needs to be taken to exclude
the latter for any monostotic lytic lesion.

Treatment

Aneurysmal bone cysts are frequently locally
aggressive and require treatment both for pain
control, stability, and to protect adjacent neural
structures.

Surgery

Surgery is considered the mainstay of treatment
of ABCs. Intralesional resection is associated
with a 25% recurrence rate in the spine due to
incomplete resection [50]. While this may be
acceptable in the appendicular skeleton, given
the risk of local recurrence and potential involve-
ment of neural elements, a more aggressive
approach is sometimes warranted. En bloc resec-
tion and gross total resection have been employed
successfully with no recurrences in several large
case series [25]. En bloc resection, however, may
be associated with significant morbidity depend-
ing on tumor location and dimension. In 2009,
the SOSG recommended an aggressive gross
total resection for an ABC. While recurrence is
attributable to the completeness of the resection,
the growth and anatomic location of the ABC
should factor into the surgical approach. When an
incomplete resection is performed, adjuvant ther-
apies similar to those employed with GCTs can
be considered.

Embolization

Preoperative embolization of hypervascular
lesions is routinely employed to reduce intraop-
erative blood loss and to aid in the dissection of
segmental arteries [30]. Prior to embolization, it
is important to understand the local vascular
anatomy, especially the location of the key feed-
ers of the anterior spinal artery to prevent iatro-
genic cord injury.

Recent literature supports the use of selective
arterial embolization (SAE) as a stand-alone
treatment for ABCs [51, 48, 52]. When SAE is
chosen as the definitive treatment, multiple epi-
sodes of SAE are anticipated. Embolization has
been shown to result in reossification of the lesion
and resolution of pain in both the sacrum and
mobile spine. Further, patients with nerve root
weakness improved following SAE. Several
studies have shown SAE to be safe, but contain
conflicting reports on its efficacy [53, 54].

In one retrospective study, Terzi et al. showed
that SAE was safe but 26% of patients crossed
over into another treatment group because of
local recurrence/tumor  progression  [54].
Amendola et al. reported successful outcomes
with SAE. However, some patients required up to
seven embolization procedures [53]. Especially
important in the pediatric population is the cumu-
lative radiation exposure required for angio-
graphic imaging during the procedure, which
may be a negative consideration for SAE. Other
contraindications include situations where a
feeding vessel also branches to the cord or anas-
tomoses with the vertebral artery.

Intralesional Injection

Intralesional injection of doxycycline has been
utilized in the armamentarium of treatment
options for ABCs [55, 56]. It has been shown to
inhibit MMPs, osteoclasts, and induce osteoclast
apoptosis. Initial studies restricted its use to non-
operable or recurrent cases, but recent studies
have expanded its use as a stand-alone treatment
for patients with minor or no neurological defi-
cits and with a low spinal instability score (SINS
<12) [55]. Following injection, lesions have been
shown to reossify with a significant improvement
in patients’ pain visual analogue scale (VAS)
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scores. This still represents an emerging treat-
ment and should not be considered as a first-line
therapy.

There have been several reports of injection of
concentrated bone marrow aspirate in an attempt
to induce healing of the lesion with mesenchymal
stem cells. There have been several positive
results, but this is not yet routine or standard of
care [57].

Radiation

Radiation therapy can be effective for treating
ABCs, but with the advent of SAE, it is being
used less often [58]. It has been used as adjuvant
therapy in cases of subtotal resection, but con-
cerns over radiation-induced myelitis and sec-
ondary sarcomas have largely impeded its use in
most centers. Newer and more accurate radiation
techniques have decreased these risks, but a pau-
city of long-term data combined with good alter-
natives has limited radiation use to the adjuvant
setting in only the most difficult cases [59].

Medical Treatment

Given the surgical challenge of aneurysmal bone
cysts, there has been a drive to develop medical
management for treatment of these lesions. Given
the similar radiographic appearance of ABCs and
GCTs, along with the presence of multinucleated
giant cells in ABCs, it has been hypothesized that
ABCs might have a similar response to that seen
for giant cell tumors treated with denosumab
[60]. Further, it has been shown that ABCs
express RANKL, the target of denosumab, simi-
lar to GCTs [61]. There have been various case
reports of aneurysmal bone cysts treated with
denosumab; however, at present, this use is still
off-label for the treatment of ABCs and cannot be
recommended for routine use [62].

Osteoid Osteoma/Osteoblastoma
Introduction
Both osteoid osteomas and osteoblastomas are

benign osteoid-producing primary bone tumors.
Twenty and forty percent of osteoid osteomas

and osteoblastomas, respectively, are located in
the spine [63, 14]. They occur more frequently in
males, and they have a predilection for involving
the posterior spinal elements [64]. Osteoid osteo-
mas are small self-limiting entities, while osteo-
blastomas are more locally aggressive. Given
their larger size, osteoblastomas may involve
both the vertebral bone and neural elements.

Osteoid osteomas are defined as having a cen-
tral nidus of less than 15-20 mm in size and typi-
cally occur in the second and third decades of life
[14]. They often present with night pain that is
alleviated by salicylates. The natural history of
osteoid osteomas is usually self-limiting. When
treated with nonsteroidal anti-inflammatories
(NSAIDs), pain lasts for an average of 2.5 years
before the lesion burns itself out [65, 66]. In the
pediatric population, osteoid osteomas are a com-
mon cause of painful scoliosis whose etiology is
thought to be secondary to muscle spasm from
the lesion on the side of the curve’s concavity
[67].

In contrast to osteoid osteomas, ostoblastomas
are more aggressive and not self-limiting. They
can be locally aggressive and cause destructive
changes to the surrounding bone and soft tissue
[63]. The central nidus is greater than 20 mm,
and 10% of patients have a secondary aneurys-
mal bone cyst. Osteoblastomas are painful and do
not respond to NSAIDs as readily as osteoid oste-
omas [68]. In addition to pain, they can present
with neurologic symptoms from compression of
nerve roots or adjacent spinal cord. These lesions
are benign, but there have been case reports of
malignant transformation [64].

Demonstration of a central nidus can be diag-
nostic if visible on radiographs or CT scan.
Further, scintigraphy can show radioactive uptake
at the lesion. MRI is helpful for osteoblastomas
to help delineate compression and involvement
of adjacent neural structures.

Osteoid osteomas contain a central nidus of
woven bone with a surrounding fibrovascular
stroma. Size is the main differentiating feature
between osteoid osteomas and osteoblastomas,
as they look similar on histologic examination.
While osteoid osteomas and osteoblastomas have
different clinical presentations, they share similar
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structural genetic alterations in the AP-1 tran-
scription factor FOS or FOSB [20, 69].
Differential diagnosis includes infection, aneu-
rysmal bone cyst, fibrous dysplasia, chondrosar-
coma, Ewing sarcoma, and osteosarcoma.

Treatment

Osteoid osteomas typically respond to NSAIDs
and this treatment may be used to control pain
symptoms. Failure of nonsurgical management
due to intractable pain necessitates procedural or
surgical treatment. In the pediatric population,
the scoliosis associated with osteoid osteomas
typically resolves after treatment of the tumor.
Nonsurgical management of osteoblastomas is
rarely indicated due to their locally aggressive
nature.

Surgery

Failure of nonsurgical treatment of osteoid osteo-
mas necessitates further intervention. Following
surgery, many studies demonstrate resolution of
pain and resolution of scoliosis curve progres-
sion. Surgical options include intralesional ver-
sus en bloc resection. The most important surgical
factor is ensuring excision of the nidus [70].
Quraishi et al. showed in a large series that intra-
lesional piecemeal resection resulted in a 7%
recurrence rate and that there were no recurrences
in their hands with en bloc resection. Newer tech-
nologies such as intraoperative O-arm and navi-
gation can help ensure the nidus is resected,
which can otherwise be a challenge intraopera-
tively [71, 72, 73] (Fig. 6.2).

Osteoblastomas almost always warrant surgi-
cal intervention. Consideration of intralesional
excision can be made for S2 lesions; however, en
bloc resection is the accepted treatment for most
S3 tumors to prevent recurrence and on-going
compromise of adjacent structures. In a case
series of 51 osteoblastomas, all recurrences
occurred in S3 lesions (either treated with intral-
esional or en bloc resection), and no recurrences
occurred following intralesional resection of S2
lesions [74]. As only 10 S2 lesions were included,
it is difficult to draw definitive conclusions based

on this study. However, where en bloc resection
is not possible due to anatomic constraints, a
gross total resection can be considered weighing
the risk of recurrence rate.

Thermal Ablation

With the morbidity of surgery, and the potential
need for spinal instrumentation, both laser and
radiofrequency thermal ablation have gained
traction in the treatment of osteoid osteomas [75,
30, 76]. Thermal ablation is considered the gold
standard in the appendicular skeleton with the
local recurrence rate <5%. Percutaneous thermal
ablation has been shown to be as effective in
reducing pain associated with these lesions [77].
With radiofrequency ablation, a temperature of
90 °C is usually applied for approximately 6 min-
utes to achieve a satisfactory ablation of the nidus
[78, 79]. Thermal necrosis to adjacent structures
remains a risk, and it is generally contraindicated
when the lesion is within 5 mm of a neural ele-
ment or if the cortex is absent. Thermal ablation
is generally only indicated for small lesions
(osteoid osteomas) and not appropriate for osteo-
blastomas due to their size and aggressive biol-
ogy. Similar to thermal ablation, cryoablation can
be used to treat these lesions. It has the advantage
that the edge of the ice ball can be seen on a CT
scan, which may be safer to use around neural
elements.

Aggressive Hemangiomas
Introduction

Vertebral hemangiomas are common benign vas-
cular tumors that are found in 11% of people at
the time of autopsy [80, 81, 14]. The prevalence
is likely higher, as one study using CT scans
found that they are present in 26% of the popula-
tion [82]. Hemangiomas are more common in
older individuals with a predisposition for
females more than males [80]. While most are
asymptomatic and do not need any treatment, in
about 1% of cases they can be more aggressive,
causing pain and occasionally neurologic symp-
toms from pathological fracture and extraverte-
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Fig.6.2 (a, b) Osteoid osteoma of C3 with close vicinity
to the vertebral artery on a sagittal and axial CT scan. (c,
d) Location precluded thermal ablation. Intraoperative

bral extension compressing nerve roots or the
spinal cord.

The main histologic subtypes of vertebral
hemangiomas are cavernous, capillary, and
mixed. They invade the medullary canal of the
vertebral body, giving rise to vertically oriented
trabecuale. This gives the “jail cell” and “polka
dot” appearance on sagittal/coronal and axial CT
slices, respectively. On MRI, vertebral hemangi-
omas have a high signal intensity on both T1- and
T2-weighted images [83]. However, more aggres-
sive lesions have a paucity of adipose tissue and,
therefore, may have a less intense T1-weighted

operative CT scan images showing axial imaging pre- and
post-nidus resection

signal compared to their more benign counter-
parts. Fat-suppressed images and STIR sequences
have shown some utility in helping to identify
more aggressive asymptomatic lesions.

Treatment

Aggressive hemangiomas causing intractable
pain and/or cord compression warrant treatment.
Various modalities have been reported with suc-
cess, and at present, there is no gold standard.
Treatment modalities include surgery (intrale-
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sional versus en bloc resection), ethanol ablation,
vertebroplasty, radiation, or a combination of the
above.

Surgery

Surgery has a role for symptomatic lesions, espe-
cially those presenting with neurologic deficits.
Preoperative embolization has been shown to
reduce intraoperative blood loss and is commonly
employed across most centers [84]. There is a
wide range of approaches to the surgical manage-
ment of aggressive vertebral hemangiomas.
General principles to consider are compressive
neurology requiring decompression, debulking,
or excising the tumor to prevent progression to
structures in close proximity, and treating any
associated instability or fracture with instrumen-
tation. When the lesion warrants surgical atten-
tion, both intralesional and en bloc resection are
options. While some centers advocate for en bloc
resection, intralesional resection can have very
low recurrence rates. In the largest case series of
aggressive hemangiomas, there was only a 3%
recurrence rate when intralesional resection was
employed [85]. Depending on the location of the
lesion, the low recurrence rate may justify a less
morbid procedure. While there are a wide variety
of options to treat aggressive vertebral hemangio-
mas, the approach needs to be individualized to
the lesion and the local anatomy.

Ethanol Injection

Ethanol is commonly used either as an intraop-
erative adjunct or as an injection by interven-
tional radiology [86, 87]. Ethanol is toxic to the
endothelium, causing necrosis. It is a safe proce-
dure; however, since hemangiomas are post-
capillary structures, there is a theoretical risk of
retrograde flow into segmental arteries with local
or systemic toxicity. Doppman et al. recom-
mended slower injection of alcohol when the
lesion is at the level of the artery of Adamkiewicz
to prevent iatrogenic cord injury. There have been
multiple studies that report good outcomes with
improvement of pain and neurologic symptoms
following ethanol ablation [88, 86]. However,
patients can develop secondary pathological frac-
tures following this treatment if the bony archi-

tecture cannot support their weight following
ablation of the tumor, and consideration is
often given to include spinal instrumentation
or a kyphoplasty to avoid this complication
[87, 89].

Radiation Therapy

Radiotherapy is another modality used in the
treatment of symptomatic hemangiomas. It can
produce long-term disease control and improve-
ment in pain scores [90, 91]. The use of radio-
therapy alone can be effective for slowly
progressing neurologic symptoms, but in the set-
ting of myelopathy and cord compression, sur-
gery should be strongly encouraged. With the
doses of radiation required for vertebral heman-
giomas, the risk of secondary malignancy to out-
of-field organs is very low [92]. Radiotherapy
can be an effective tool both on its own and as an
adjunct to other therapies.

Vertebroplasty/Kyphoplasty
Vertebroplasty/kyphoplasty is another treatment
that has a role in vertebral hemangiomas [93]. The
exothermic reaction from the cement can cause
some thermal necrosis to surrounding tumor cells,
but more importantly, it provides structural sup-
port to the vertebrae. While it can be used on its
own with good pain relief, it is commonly used as
an adjunct to radiation, ethanol ablation, or surgi-
cal decompression [94, 95, 96].

Osteochondroma
Introduction

Osteochondromas consist of an outgrowth of cor-
tical and medullary bone contiguous with the
host bone, are capped by cartilage, and are the
most common benign primary tumors of bone.
Osteochondromas represent 36% of all benign
bone tumors, but they are relatively underrepre-
sented in the spine [97]. Only 1-4% of all osteo-
chondromas occur in the spine [97, 98]. The
majority of these lesions appear as solitary
growths, but as many as 25% may be associated
with multiple hereditary exostosis (MHE), an
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Fig.6.3 Patient with MHE. (a, b) Osteochondroma orig-
inating from C4 lamina causing cervical myelopathy on
axial and sagittal T2 imaging. (c, d) Osteochondroma in

autosomal dominant heritable disorder in which
patients may develop many osteochondromas
distributed throughout the skeleton (Fig. 6.3). It
is estimated that approximately 9% of patients
with MHE develop spinal lesions [97]. Patients
with solitary osteochondromas of the spine pres-
ent at a mean age of 30-33, whereas those
patients with MHE are diagnosed with spinal
lesions at a mean age of 20-22 [97, 99, 100, 98].
Males are more frequently affected than females
at a rate of 1.9-2.4:1 [99, 98].

Within the spine, osteochondromas typically
develop at the tips of the spinous and transverse
processes, but may also develop in the vertebral
body, pedicle, or facet [99, 101]. This is because
the lesions are formed by displacement of a frag-

the foramen of T8 causing radicular pain on axial and sag-
ittal T2 imaging

ment of physeal cartilage, which, separated from
the physis, continues to expand and undergo
enchondral ossification [97, 102, 103].

A CT scan is usually required to make the
diagnosis and is the imaging test of choice to
identify the pathognomonic features of the con-
tiguous cortex covered by cartilage flaring out
from the host bone along with continuity of the
underlying medullary bone [97, 104, 101, 105].
MRI is useful for demonstrating neural compres-
sion, marrow content, and the cartilage cap [106].
The thickness of the cartilage cap in particular is
important to assess on imaging, as the principal
differential diagnosis for osteochondroma is
secondary chondrosarcoma, and the two can be
distinguished by the thickness of the cartilage.
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MRI has traditionally been the test of choice to
assess the cartilage thickness [107, 108, 109,
110]. Bernard et al. have suggested that MRI-
based assessment of malignancy gives a 100%
sensitivity and 98% specificity with a cartilage-
thickness cutoff of 2 cm [111].

Treatment

Many osteochondromas of the spine can be man-
aged nonsurgically, and indeed, many go unrec-
ognized. There is a small risk of malignant
degeneration, which is cited to be 1% for solitary
lesions and 10% for lesions associated with
MHE [97, 112, 99]. Given the low rate of malig-
nant degeneration, asymptomatic patients need
not undergo surgery [97, 113, 106]. However,
consideration should be given to following the
patient clinically and radiographically to iden-
tify secondary malignancy, which should be sus-
pected in tumors with a thick cartilage cap or
those that continue to grow after the patient
reaches skeletal maturity [99, 100]. The second-
ary malignancy associated with osetochondro-
mas is typically low grade. As with other benign
tumors of the spine, the primary indications for
surgery are pain and impingement on neural
structures or diagnostic uncertainty despite ade-
quate workup [106].

For osteochondromas, surgery is curative if
the cartilage cap is removed but is only indicated
for symptomatic lesions [114]. Major neurologic
improvement is seen in 70% of patients and some
improvement seen in another 18% [97]. If a por-
tion of the cartilage cap remains, recurrence is
likely within 6-14 months [97, 115, 116], but the
overall recurrence rate is only 4% [99]. After sur-
gery, no oncologic surveillance is mandatory and
is based on patient symptoms.

Others

Benign notochordal cell tumors (BNCTs) have
been recognized by the WHO classification in
2013, but these tumors are largely underreported
[117]. Therefore, the true incidence of benign

notochordal cell tumors is unknown. Most of
these tumors are incidental findings and are
asymptomatic. The alternate diagnosis for these
tumors is chordoma. Chordomas and BNCTs
show common notochordal histologic and imm-
nophenotypic features (the physaliphorous cell
and brachyury gene). Controversies exist as to
whether this entity is a precursor of chordoma
although absence of malignant transformation
has been reported [118—-120]. On imaging, typi-
cal BNCTs are small (<35 mm), confined to the
bone, do not have soft tissue extension, are not
Iytic, and lack enhancement post gadolinium
injection on MRI [121]. Compared to chordoma,
histologically, BNCTs lack cellular atypia,
mitotic activity, extracellular myxoid matrix, and
intratumoral vascularity [121]. Biopsy is sug-
gested when atypical imaging features are
encountered, although differentiating between
chordoma and BNCTs can be difficult on core
biopsy. Importantly, BNCTs should be stable in
size on serial scans and therefore, follow-up
imaging is mandatory when suspecting this
entity. If a presumptuous diagnosis of BNCTs
shows enlargement, chordoma should be consid-
ered and managed accordingly.

Fibrous Dysplasia

Fibrous dysplasia accounts for 7% of all benign
bone tumors. It presents with either a monostotic
lesion or a polyostotic presentation and 7-14%
of polyostotic lesions are found in the spine
[122]. It is characterized by an activating muta-
tion of GNAS! (G protein-coupled receptor),
resulting in impaired osteoblast differentiation
from precursor cells [123]. The primitive bone
fails to remodel into lamellar bone and does not
realign with mechanical stress. Furthermore,
insufficient mineralization is observed. The
resultant is immature bone with poor mechanical
strength leading to pain, fracture, and deformity.
The monostotic presentation is more commonly
encountered, and the lesion will typically not
grow after skeletal maturity has been reached.
The polyostotic lesions are often part of a syn-
drome such as the McCune Albright syndrome
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(fibrous dysplasia, café-au-lait spots, endocri-
nopathy) and Mazabraud syndrome (fibrous
dysplasia and intramuscular myxomas). Lesions
in the polyostotic presentation will typically
continue to enlarge after skeletal maturity, lead-
ing to fracture, deformity, and pain. Malignant
transformation in fibrous dysplasia is rare, rang-
ing between 0.4 and 4% [124, 125, 126, 127].
X-rays and CT demonstrate a “ground glass”
appearance from the fibrous matrix. On MRI,
these lesions have low signal intensity on T1-
and T2-weighted images [128]. Monostotic
lesions are often asymptomatic, found inci-
dentally, and only require clinical observation.
Biphosphonates can be used to treat symptom-
atic lesions with the objective to reduce pain
intensity [129]. As with other benign lesions,
surgical intervention may be indicated for severe
pain, progressive deformity, and secondary neu-
rologic symptoms. The Enneking staging system
recommends intralesional resection for symp-
tomatic/active fibrous dysplasia. As with any
lesion, careful anatomical consideration should
be sought when treating these lesions. Literature
is scarce on spinal fibrous dysplasia. The use of
vertebroplasty for symptomatic lesions has been
reported [130, 131]. Bone grafting can be chal-
lenging in fibrous dysplasia with graft resorp-
tion and persistence of dysplastic bone [132].
This seems to be especially true in the younger
population with polyostotic presentation. Some
authors advocate for cortical allograft use in this
population [133].

Conclusion

The primary benign tumors of the spine are typ-
ically asymptomatic, slow-growing lesions, and
occur in relatively young patients. However,
they may cause clinical dilemmas when they
present with pain, fracture, or neurologic deficit.
Evaluation often begins with plain radiographs
but usually requires a CT scan, MRI, or both,
and biopsy may be required to make the defini-
tive diagnosis. Treatment is primarily observa-
tion for the latent lesions. Surgery remains the
mainstay of treatment of most aggressive

lesions. Depending on the location, tumoral
extension, and biological behavior of the tumor,
an intralesional resection or an en bloc resection
may be the preferred treatment. Due to the com-
plexity and potential morbidity of these surger-
ies, alternative treatments have emerged.
Denosumab is now the first line of treatment for
unresectable GCT or when the surgery would be
associated with unacceptable morbidity.
Thermal ablation is increasingly used for OO
with excellent local control rate. The various
alternative treatments and the complexity of
these tumors support treatment at dedicated ter-
tiary tumor centers with clinical expertise and
multidisciplinary panels.
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Low-Grade Spinal Malignancies:
Chordoma and Chondrosarcoma
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Chordoma
Epidemiology

Chordomas are rare primary spinal neoplasms,
which arise from notochord remnants. Chordomas
are typically slow-growing tumors affecting all
age groups, with a higher incidence in patients
between 50 and 60 years old [1]. The incidence is
estimated to range from 1 to 2 cases per
1,000,000 in the United States. More recent data
from the NIH SEER database suggest that the
incidence may be as high as 8% of all primary
bone tumors. The peak incidence of chordoma is
between 40 and 60 years of age; however, chor-
doma affects people of all ages with varying
degrees of frequency. Less than 5% of chordomas
are found in pediatric patients and typically have
a worse prognosis. Most tumors in those under
20 years of age are in the mobile spine (with very
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few in the sacrum), near equal distribution in
those between 21 and 59 years of age and 30%
higher incidence of sacral tumors in those over
60 years. There is an overall slightly male pre-
dominance of 1.5:1. However, in sacral tumors
the male predominance is 2:1 and in skull base
tumors, there is no gender difference. With
regards to race, chordoma is about four times
more likely to affect Caucasians than the African
Americans [2].

Pathology

After multiple myeloma, chordoma is the second
most common primary malignancy of the spine.
Chordoma is so named because of its resem-
blance to the histologic structure of embryonic
notochord. The most widely accepted theory
regarding the pathogenesis of chordoma is that it
arises from collections of embryonic notochord
structures, which remain trapped within the bony
structure of the spinal column. This understand-
ing of chordoma was based on the common loca-
tion and microscopic morphology it shares with
the notochord structures, and more recent evi-
dence to support this theory includes immunohis-
tochemical analysis and molecular phenotyping.

The exact pathways behind the pathogenesis
of chordoma are yet to be fully understood but
evidence now supports the involvement of genes
encoding for transcription factors involved in
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embryogenesis (SOX9) and regulation of noto-
chord development (brachyury) [3]. Interestingly,
during embryonic development of the vertebral
column, the notochord regresses and becomes
incorporated into the center of the intravertebral
discs, becoming the nucleus pulposis. However,
there have been no reported cases of chordoma
arising from the intravertebral disc space, only
from the bony elements of the spinal column.
This may suggest a possible interaction between
trapped notochord cells with the local osseous
microenvironment, which may contribute to the
pathogenesis [4, 5].

Classification

Chordoma is classified into four widely accepted
subtypes: conventional, chondroid, poorly differ-
entiated, and dedifferentiated chordoma
(Table 7.1).

Conventional chordoma subtype is the most
common, comprising about 80% of chordomas

[6, 7]. This subtype is relatively slow growing
and typically exhibits low-grade behavior. Gross
appearance varies from gray to tan with focal
areas of necrosis and a soft gelatinous texture
(Fig. 7.1). When growing inside bone, conven-
tional chordoma permeates the marrow space and
Haversian system, replacing native cells and sur-

seecimen 2349037 pare 70 &'{J' 1§

Fig.7.1 Cross section of sacrococcygeal chordoma spec-
imen showing lobules and sheets of glistening gelatinous
grey tumor replacing and expanding the medullary mar-
row space. At the top portion the posterior cortex, perios-
teum, and overlying soft tissues are present

Table 7.1 Clinical, histologic, and immunohistochemical features of the four commonly accepted chordoma

subtypes
Subtype General features Histologic features Immunohistochemistry
Conventional About 97% of all incidence Lobulated nests and cords + Cytokeratin
chordoma Low-grade, indolent behavior with mucinous or myxoid + T brachyury
Most common in sacrococcygeal stroma, high pleomorphism, + S-100
region necrotic regions especially if |+ EMA
70% 5-year survival large, low mitotic figures
40% 10-year survival Physaliphorous cells common
Infiltrative within bone but
well encapsulated soft tissue
components
Chondroid About 2% of all incidence Biphasic — conventional areas | No difference in IHC
chordoma Mostly in skull base, rarely in with chondroid component, within the two phases
sacrococcygeal often well demarcated + Cytokeratin
Low-grade, indolent behavior Chondroid appearance of + T brachyury
lacunae but no true hyaline +S-100
cartilage +EMA
Poorly <1% incidence No physaliphorous cells + Cytokeratin
differentiated High-grade, more aggressive More mitotic figures + T brachyury
chordoma Younger presentation (mean age 12) | Widely observed necrosis —S-100
Worse prognosis — SMARCBI
Dedifferentiated | About 1% of all incidence Biphasic — conventional Dedifferentiated phase
chordoma Most aggressive, (90% metastasis at | chordoma areas with adjacent | — Cytokeratin
presentation) areas with appearance of — T brachyury
Least common pleomorphic, spindle cell or Conventional phase
Mostly in sacrococcygeal region osteosarcoma unchanged IHC
Usually seen in recurrence or post
radiation but can occur de novo




7 Low-Grade Spinal Malignancies: Chordoma and Chondrosarcoma 91

rounding osseous trabeculae. When extending
into the soft tissue, these tumors typically form a
well-encapsulated soft tissue mass. The micro-
scopic architecture of conventional chordoma is
comprised of lobulated nests and cords of cells
around mucinous or myxoid stroma (Fig. 7.2a,b).
Microscopic appearance shows typical phys-
aliphorous cells with multiple clear cytoplasmic
vacuoles, appearing similar to adipocytes.

However, due to significant heterogeneity, these
cells are not always present and are not consid-

ered pathognomonic. Conventional chordoma
stains positive for keratin, S-100, and brachyury
(Fig. 7.3a,b).

Chondroid chordoma subtype does not differ
significantly from conventional chordoma with
regards to immunohistochemistry. This subtype
is comprised of areas of conventional chordoma,
which are often sharply demarcated from other
areas where neoplastic cells are spread out within
a solid matrix with a similar appearance to hya-
line cartilage (these cells mimic the appearance

Fig. 7.2 (a) Conventional chordoma demonstrating
cords of tumor cells within a myxoid matrix. The tumor
cells have eosinophilic bubbly or physaliphorous cyto-
plasm and hyperchromatic nuclei (H&E 100X). (b)
Chordoma infiltrating hyaline cartilage (left portion) and

the bone marrow. Cancellous lamellar bone fragments of
the marrow are surrounded by chordoma, with a portion
of residual fatty marrow being present in the upper right
(H&E 40X)

Fig. 7.3 (a) Upon immunohistochemical analysis, chor-
doma cells typically express keratin markers, as well as
S-100 and brachyury. Here, chordoma cells demonstrate

cytoplasmic positivity for the epithelial marker AE1;AE3
(AEL;AE3, 400X). (b) Nuclear positivity for brachyury in
chordoma cells is demonstrated (Brachyury 400X)



92

G. Blumstein et al.

Fig.7.4 The right half
of this photo
demonstrates the hyaline
cartilage matrix with
tumor cells occupying
lacunar spaces seen in
chondroid chordoma.
Directly adjacent on the
left side is more typical,
conventional-appearing
chordoma (H&E 100X)

of chondrocytes in lacunae) [8] (Fig. 7.4). The
chondroid areas may be sparse or extensive, and
when they are abundant, the tumor is difficult to
distinguish morphologically from chondrosar-
coma. The neoplastic cells in chondroid chor-
doma are identical to those found in conventional
chordoma; however, the matrix takes on a differ-
ent appearance. This subtype is found more com-
monly in the mobile spine than in the
sacrococcygeal area. Initially, this subtype was
thought to carry a more favorable prognosis;
however, more recent studies dispute these find-
ings and reported prognosis and course are simi-
lar to conventional chordoma [9].

Recently published work now supports new
subtype — poorly differentiated chordoma, with
distinct clinical and immunohistochemical fea-
tures from the three classical varieties. Unlike the
other varieties, which exhibit a peak age distribu-
tion between 40 and 60 years, poorly differenti-
ated chordoma is found in much younger patients,
with a peak distribution of 12 years of age.
Another distinctive feature is a higher predilec-
tion for the skull base and cervical spine [10, 11].
Poorly differentiated chordoma behaves much
more aggressively than conventional or chondroid
chordoma, with earlier local recurrence and over-
all shorter survival. Histologically, poorly differ-

entiated chordoma is remarkable for the absence
of physaliferous cells or myxoid stroma (Fig. 7.5).
Mitotic figures are more common and necrosis is
widely observed. Immunohistochemical analysis
shows positive staining for T brachyury and cyto-

keratin and is notable for the absence of
SMARCBI and S100 in most cases.

Dedifferentiated chordoma is the most aggres-
sive subtype and the least common [12]. As in
chondroid chordoma, the dedifferentiated subtype
contains areas of conventional chordoma with dis-
tinct areas that resemble poorly differentiated
spindle cell sarcoma, pleomorphic sarcoma, or
osteosarcoma (Fig. 7.6). This subtype comprises
about 5% of all chordomas, and is most frequently
found in the sacrococcygeal region. The dediffer-
entiated subtype is most commonly seen in local
recurrence or following irradiation of conventional
chordoma but may arise from primary tumors.
Unlike the other two subtypes, which grow slowly,
often over years, dedifferentiated chordoma exhib-
its high-grade behavior, progresses rapidly, and
metastasizes in over 90% of cases. The immuno-
histochemistry is distinctly different from chon-
droid and conventional chordoma, with the notable
loss of keratin and brachyury.

Benign notochordal cell tumor (BNCT), also
known as notochordal hamartoma, is a rare type
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Fig.7.5 Poorly
differentiated chordoma
is distinctive from the
other subtypes with an
absence of physaliferous
cells or myxoid stroma.
Mitotic figures and
cellular necrosis are seen

.
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Fig. 7.6 Dediffer-
entiated chordoma is a
histologically high-grade
sarcoma. In this
example, the tumor is
very cellular and is
composed of oval to
spindled cells arranged
in fascicles. Tumor cells
are very pleomorphic
and mitotic activity,
including atypical
mitoses are abundant
(H&E 200X)

of notochordal tumor, generally considered a
benign relative of chordoma. Typically found
incidentally in the same sites as chordomas, this
entity is usually asymptomatic. Unlike chor-
doma, it is sclerotic rather than lytic on imaging
and does not extend into the soft tissue. However,
there have been cases where the two entities
coexisted simultaneously either side by side or
within the same lesion, giving credence to the
theory that they are on a continuum of the same

pathological process [13]. Heavy reliance on
immunohistochemistry and high-magnification
histology may be misleading as both share the
same physaliphorous cells and stain positive for
T brachyury, S100, and cytokeratins. The diagno-
sis is made based on the correlation of clinical
symptoms, imaging, and certain pathohistologic
differences (BNCT are absent of nuclear atypia,
necrosis, or intracellular myxoid matrix)
(Fig. 7.7a,b).



94

G. Blumstein et al.

Fig. 7.7 (a) This small benign notochordal cell tumor or
notochordal hamartoma, is seen to be present within the
marrow space of a vertebral body. The tumor nodule is
relatively sharply demarcated from the surrounding mar-
row and is not infiltrative (H&E 40X). (b) Higher magni-

Diagnosis

The most common presenting symptom of
patients with chordoma is pain, as well as vari-
ous neurological symptoms depending on the
location of the tumor. Pain is usually reported
first, with extremity symptoms including weak-
ness, numbness, and altered sensation due to
mass effect. Loss of bowel and/or bladder con-
trol is also frequently seen. Due to the slow
growth rate of most sacral chordomas and rela-
tively large space of the pelvic cavity, these
tumors may be quite large at presentation. In
patients with upper cervical tumor location,
occipital headaches may be present and in rare
cases, dysphagia or dysphonia due to compres-
sion of the larynx or esophagus has been
reported. Unfortunately, lower back pain is a
very common and nonspecific symptom and
imaging is typically not obtained until patients
have undergone some medical treatment or
physical therapy first. For patients with sacral or
coccygeal chordoma, this translates to an aver-
age time from onset of symptoms to diagnosis of
over 2 years and a mean tumor size of 8 cm at
time of resection. Any patients with persistent
sacral or coccygeal pain should be evaluated
with appropriate imaging without delay.

fication of the benign notochordal cell tumor demonstrates
sheets of bland-appearing epithelioid cells with pink and
clear cytoplasm, absent a myxoid background (H&E
100X)

Due to the nonspecific symptoms of chor-
doma, the first images often obtained are radio-
graphs to evaluate back or neck pain, which
typically show lucency or density within the
osseous spine with faint calcifications. If chor-
doma is suspected, it is best evaluated with CT
and MRI [14]. CT helps delineate the exact extent
of bony involvement and should include fine cuts
of 1 mm or less with bone and soft tissue recon-
struction. On CT, spine chordoma typically has a
lytic component but may have a mixed lytic/scle-
rotic appearance through the bony regions, with
low-density signal in the soft-tissue component
due to high water content. MRI with gadolinium
contrast is useful to evaluate the soft tissue com-
ponent of the tumor and relationship with neuro-
logical and vascular structures, which is of
paramount importance for surgical planning. The
typical appearance of chordoma on MRI is high
intensity on T2, low-to-medium intensity on T1,
and mild or moderate enhancement with gado-
linium. CT of the chest, abdomen, and pelvis;
bone scan; and PET scans are used for staging
purposes and to aid in treatment planning.

Open biopsy must be avoided if chordoma is
suspected. A major cause of local recurrence is
thought to be local contamination of the opera-
tive bed from open biopsies or poorly executed
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percutaneous biopsy. Ideally, CT-guided biopsy
should be performed after discussion with the
treating surgeon to plan for a biopsy tract that can
be completely excised during surgery without
increasing morbidity. Trochar biopsy should be
performed to preserve the tumor architecture,
which is crucial for correct diagnosis, and to pro-
tect the biopsy tract from seeding.

Definitive diagnosis of chordoma requires
meticulous care with an oncology team approach,
as no histologic or radiographic findings alone
are pathognomonic and a full picture must be
painted by combining the clinical, radiographic,
and histologic features. The differential diagnosis
is wide and includes metastatic carcinoma or
hematological malignancy (of various types),
benign notochordal cell tumors, chondroma,
chondroblastoma, osteoma, osteoblastoma,
osteosarcoma, giant cell tumors, and aneurysmal
bone cysts, to name but a few. Careful consider-
ation of all immunohistochemical, histologic,
radiographic, demographic, and clinical features
must be considered; over-reliance purely on his-
tology may be dangerous. BNCT, like chordoma
is positive for T brachyury, contains physalipho-
rous cells, and arises at the same sites; however,
it is usually asymptomatic and smaller than 2 cm.
While the dangers of missing a chordoma diag-
nosis are obvious, there is significant risk associ-
ated with overdiagnosing otherwise benign
lesions as chordoma, given the morbidity associ-
ated with surgical treatment of chordoma [15].

Staging of chordoma is performed using the
MSTS (Enneking) Staging System as well as the
American Joint Committee on Cancer TNM sys-
tem; however, due to the high local recurrence
rate, low-stage tumors do not necessarily portent
as favorable an outcome as is seen in other bone
sarcomas. The use of whole spine MRI is
endorsed by some groups to evaluate for regional
metastasis; however, strong evidence is lacking
due to the rarity of the disease. Likewise, the role
of PET CT has remained controversial given the
indolent nature of most subtypes of chordoma,
though may be of more use in dedifferentiated
chordoma [16].

Treatment

Due to the low incidence and high heterogeneity
of both disease and treatment, there is significant
variability in estimated survival from chordoma.
Based on the SEER database, the range of 5-year
overall survival is 65-75% and 10-year survival
is 32-63%. There has been a trend to improve
overall survival over time, attributed to improved
imaging and surgical techniques, allowing for
more complete en bloc resection (Fig. 7.8a-h). In
general, favorable prognostic indicators at pre-
sentation are tumor size <4 cm, age <50 years,
solitary lesion, and tumor-free margin resection.
Certain molecular markers are correlated with
alteration in prognosis, including overexpression
of PARP1, hTERT, and SOX9 correlated with
shorter survival time. SMARBCI loss was asso-
ciated with particularly aggressive disease and
very short overall survival [17, 18].

To date, no cytotoxic agents have been proven
to be effective in chordoma. While significant
research is ongoing into molecular-targeted sys-
temic therapy, the mainstay of treatment is surgi-
cal resection. Radiation has also played an
important role as adjuvant treatment and has been
effective as a stand-alone treatment in some
studies.

When possible, total en bloc surgical resection
with free margins is the treatment of choice in
chordoma and offers the best outcomes with
regards to relief of symptoms, prevention of local
recurrence, and disease-free survival. The rates
of local recurrence are reported around 3-8%
with free margin en bloc resection compared to
100%  with intralesional resection [19].
Unfortunately, due to proximity to vital struc-
tures, en bloc resection is often not possible and,
in those cases, marginal or intralesional resection
may offer significant benefit, relieve symptoms,
or prolong symptom-free survival [20]. Extensive
preoperative planning is required for successful
chordoma surgery and thorough staging should
be performed, as metastatic disease is often a
contraindication to en bloc resection and would
favor palliative surgery or radiation therapy.
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If en bloc resection is deemed indicated and
feasible, preoperative planning should include
detailed plans for approach, resection, and recon-
struction, and should include all of the surgical
teams involved. Three-dimensional printed mod-

G. Blumstein et al.

els may be helpful in mapping out the surgical
plan in detail. Intraoperative navigation may also
be helpful in certain cases [21, 22]. Extensive
blood loss is not uncommon and a good periop-
erative plan should include a well-prepared blood

Fig. 7.8 The case is a 33-year-old male with neck pain
and dysphagia that has worsened over the past 10 years.
He was found to have a large cervical mass and biopsy
demonstrated chordoma. (a) Sagittal CT image demon-
strating the bony changes at C4 with both sclerotic and
lytic changes in the vertebral body and posterior elements.
There is a large extensive soft tissue mass extending both
anteriorly and posteriorly into the spinal canal. (b) Axial
CT images demonstrating the bony changes with the large
soft tissue mass. (¢) Sagittal MRI images depicting the
large soft tissue mass emanating from C4 but extending to
C3 and C5 with severe spinal cord compression with spi-
nal cord edema and cord signal change. (d) Axial MRI
images depicting the tumor encasing the vertebral arteries
bilaterally with severe circumferential spinal cord com-
pression. (e) AP and lateral fluoroscopic images after
bilateral vertebral artery angiogram and coiling proce-

dure. The angiogram demonstrated sufficient collateral
flow to allow for bilateral vertebral artery coiling prior to
the en bloc resection. Stage 1 of the procedure was the
coiling procedure and tracheostomy. Stage 2 was poste-
rior resection of the chordoma with resection of the coiled
vertebral arteries, C1 to T2 posterior spinal instrumenta-
tion and fusion. Stage 3 was anterior resection with recon-
struction using vascularized fibular graft and anterior
cervical plating and fusion. (f) Intraoperative radiographs
of the tumor including the vertebral bodies of C3, C4, and
CS5 after en bloc resection. (g) Postoperative CT 3D recon-
structions of the cervical spine after en bloc tumor resec-
tion from C3 to C5, anterior strut graft reconstruction with
anterior cervical plating, C1 to T2 posterior spinal instru-
mentation and fusion. (h) Postoperative AP and lateral
radiographs demonstrating the anterior and posterior
reconstruction following en bloc resection
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Fig.7.8 (continued)
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Fig. 7.8 (continued)

bank as well as anesthesia and critical care team
to ensure all necessary resources are available to
support the patient during and after surgery. In
many cases, nerve roots must be sacrificed to per-
form en bloc resection and a sober and detailed
discussion with the patient and family members

should be held about the expected deficits and
possible complications, including the loss of sen-
sation and motor function, loss of bowel or blad-
der control, and loss of sexual function. Some
patients may not find these acceptable and may
favor a more palliative approach [23].
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Free-margin en bloc resection of spinal chor-
domas is only possible in about 50% of cases
with local recurrence approaching 100% with
incomplete resection. Although chordoma is rela-
tively radioresistant, the ability to accurately
deliver higher doses of radiation to the tumor
while limiting exposure of adjacent structures
has improved. Evidence shows that there is a
dose-dependent rate of 5-year local tumor control
with 25% control with a dose under 60 Gy and
80% with a dose above 70 Gy [24, 25]. The rate
of local control in cases of subtotal resection
treated with high-dose radiation (above 70Gy)
was equivalent to that achieved with free margin
resection. In most studies, early radiation treat-
ment, either preoperative or as adjuvant therapy,
has been found to be more effective in controlling
local recurrence than salvage radiation for treat-
ing recurrence [26]. Additional reported benefits
of preoperative radiation include smaller treat-
ment area (lower overall dose), reduced wound
seeding, and eliminating possible interference
and scatter due to implanted metal if postopera-
tive radiation is used [27].

Stereotactic radiosurgery and particle therapy
are favored over traditional photon therapy as
these modalities can more accurately deliver high
doses of radiation to the tumor with a very sharp
drop off of radiation dose to surrounding tissue.
Carbon ion therapy has been shown to be more
effective than photon or proton therapy in small
case series, with the advantage of having even
sharper drop off and therefore higher effective
doses of radiation than proton therapy, with
improved ability to cause double-stranded DNA
cleavage. As more carbon ion radiation facilities
come available, this therapy may become more
widely used in chordoma treatment, but is signifi-
cantly limited due to availability and significant
cost [28]. It is important to note that the limited
number of cases and heterogeneity in anatomic
location and modes of treatment make proving
superiority of a particular method of radiotherapy
difficult. Small-scale studies have found lower
side effects and improved disease-free survival
with heavy ion radiation compared to traditional
methods.

While no cytotoxic chemotherapeutic agents
have been effective against chordoma, there is

extensive work with molecular-targeted therapy.
Some of the targets investigated include EGREF,
PDGFR-A/B, Her2/Neu, EGFR, c-KIT, VEGFR,
and CDK4/6 [29, 30]. To date, no therapy has
been shown to be effective under the response
evaluation criteria in solid tumors (RECIST);
however, there have been some notable effects to
certain therapies, including changes in tumor
metabolism and appearance on MRI and PET-
CT. Small numbers and inevitable limitations in
study design lead to a paucity of statistically sig-
nificant clinical findings; however, extensive
research using chordoma cell lines has exposed
potential targets, with hope of future success.

Post-Treatment Surveillance

While strong evidence is lacking on the optimal
schedule and mode of post-treatment surveil-
lance of chordoma, the Chordoma Global
Consensus Group and the European Society for
Medical Oncology position recommendation is
for local surveillance with an MRI of the region
every 3 months for the first year, every 6 months
for years 2—4, and yearly from year 5-15. For dis-
tant surveillance, the recommendation is for CT
of the chest, abdomen, and pelvis with and with-
out contrast and MRI of the whole spine with
gadolinium every 6 months for the first year, and
then yearly after that point [31].

Prognosis

Significant differences exist in prognosis based
on patient age, disease location, and histologic
subtype. Further prognostic factors include the
adequacy of resection and total radiation dose if
treated with radiotherapy. In most studies, the
5-year local recurrence rate for patients with suc-
cessful total resection with or without radiation
therapy is >50%. Recurrence often occurs late
(5-10 years) and does not plateau even at 15
years. There is significant variability between the
survival rates quoted by different studies; how-
ever, the most common range for 5 and 10 year
overall survival is 65-75% and 32-63%, respec-
tively. Outcomes are significantly worse follow-
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ing local recurrence or distant metastasis and
treatment is seldom curative [32].

Chondrosarcoma
Epidemiology

Chondrosarcomas are a rare heterogeneous group
of malignant neoplasms that produce cartilage
matrix. After osteosarcoma (and excluding
myeloma), chondrosarcoma is the second most
common primary malignancy of bone, account-
ing for 25% of all primary bone tumors with an
estimated annual incidence of 1 in 200,000 [33,
34]. The prevalence of chondrosarcoma in the
mobile spine is reported between 6.5% and 10%,
with 5% occurring in the sacrum [35, 36]. Within
the spine, chondrosarcoma can occur in any
region, but has a slight predilection for the tho-
racic region (30%). Chondrosarcoma is twice as
common in males than in females. The age distri-
bution of chondrosarcoma is broad, peaking in
the fifth and sixth decades, although this varies
based on histologic subtype [37]. Nearly 3000
chondrosarcoma cases from the SEER database

revealed a mean age of 51 years at the time of
diagnosis with a near double male predominance
and low rate in the African American population
[38]. Pediatric chondrosarcomas represented
10% of the cases, and patients may present at any
age. Importantly, this analysis was based on a
majority of patients with chondrosarcoma from
limbs and may not reflect similar patterns in the
spine. Overall, the demographics of chondrosar-
coma are similar to that of chordoma.

Pathology

Assuming localized disease, histologic grade is
the most important prognostic factor and ranked
on a scale of 1 to 3 based on nuclear size, mitotic
activity, hyperchromasia, and cellularity, which is
characterized by atypical chondrocytes within a
hyaline cartilage matrix [39—41]. In 2013, the
World Health Organization (WHO) reclassified
grade I chondrosarcoma as “atypical cartilaginous
tumor” (ACT/CS1) [42, 43] (Fig. 7.9a,b). ACT/
CS1 is considered locally aggressive rather than a
malignant sarcoma and rarely metastasize [40].
However, this primarily applies to the appendicu-

Fig.7.9 (a) The permeative pattern of invasion typical of
atypical cartilaginous tumor/chondrosarcoma. Sheets and
lobules of malignant cartilage have replaced the marrow,
and are completely surrounding cancellous lamellar mar-
row bone fragments (H&E 20X). (b) High magnification
of low-grade atypical cartilaginous tumor/chondrosar-

coma demonstrating rather monotonous tumor cells
within a hyaline cartilage matrix. The individual tumor
cells contain small, hyperchromatic nuclei, and abundant
eosinophilic cytoplasm. Mitotic activity is typically
absent. (H&E 400X)
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Fig.7.10 By contrast,
this example of
high-grade (grade 3)
chondrosarcoma
displays very
pleomorphic anaplastic
chondrocytes with
obvious mitotic activity
(H&E 400X)

lar skeleton, and given that the National Cancer
Database from 2002 to 2008 showed inferior sur-
vival of Stage IA/IB chondrosarcomas of the
spine compared to the appendicular skeleton, spi-
nal variants of grade 1 chondrosarcoma should be
treated with caution. Grade 2 chondrosarcomas
demonstrate intermediate metastatic potential
(10-15%) and survival (10 years, 64—86%) [44,
45]. Grade 3 chondrosarcoma, in turn, faces
higher rates of metastases (30-70%) and lower
survival (10 years, 30-50%) (Fig. 7.10). However,
this grading is subject to interobserver variability,
especially between ACT/CS1 and grade 2 chon-
drosarcoma, highlighting the need for alternative
diagnostic molecular markers to help guide treat-
ment decision making [46, 47]. Grade 3 conven-
tional chondrosarcomas are rare as ACT/CS1 and
Grade 2 are much more common.
Chondrosarcomas are believed to develop
from residual enchondral -cartilage “rests,”
which persist during development after failing
to form bone [48]. Chondrosarcomas may arise
de novo or occur from the malignant transfor-
mation of a benign cartilaginous lesion, osteo-
chondroma, or enchondroma. Osteochondromas
are bony projections with a cartilage cap and
most commonly located in long bones, but can
be found in the spine as well. The autosomal

dominant syndrome multiple hereditary exos-
toses (MHE) are characterized by two or more
osteochondromas in the skeleton and caused by
a germline mutation of tumor suppressor gene
EXTI or EXT2. Enchondromas are benign carti-
lage tumors in the medullary canal. While trans-
formation of a solitary enchondroma is rare, the
overall rate of malignant transformation reaches
50% (lifetime; all sites) in patients with mul-
tiple enchondromas (enchondromatosis) from
Ollier’s disease or Maffucci syndrome, which
are caused by somatic mutations in the IDHI or
IDH?2 genes [49].

The molecular drivers in chondrosarcoma vary
based on pathologic subtype and are best studied
in central conventional chondrosarcoma [50].
Mutations in isocitrate dehydrogenase 1 and 2
(IDHI and IDH?2) are found in nearly all of
enchondromas and most of primary central chon-
drosarcomas. Notably, this mutation is not found
in chordoma, making it a useful diagnostic molec-
ular marker. IDHI or IDH2 mutations increase
the oncometabolite D2-hydroxyglutarate (D2HG)
which promotes tumorigenesis by inducing mul-
tiple epigenetic changes, affecting differentiation,
and promoting chondrogenic differentiation of
mesenchymal stem cells [51]. The physiologic
process of enchondral ossification is tightly regu-
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lated by the Indian hedgehog (IHH) and parathy-
roid hormone-like hormone (PTHLH) signaling
pathways. IHH pathway expression is high in
enchondromas and central chondrosarcomas,
maintaining tumor cells in a low differentiated
proliferative state. In addition, IHH gene muta-
tions have been identified in 18% of chondrosar-
comas with exome sequencing [52]. Clinical trials
targeting the IHH pathway have been unsuccess-
ful thus far, however. Collagen type-II alphal
(COL2A1) mutations have also been identified in
40% of central chondrosarcomas; however, the
mutation’s role as a driver or malignant transfor-
mation is unknown [53].

As in other cancer types, mutations in the p53
and pRb pathway are common. In both peripheral
and central chondrosarcoma, these appear to be
particularly important in the transition from low-
to-high grade as the combined incidence of muta-
tion in these pathways is 96% [54]. In patients
with MHE, the absence of EXT gene products
drives the formation of aberrant osteochondro-
mas but has not been identified as sufficient for
transformation to chondrosarcoma. Rather, a sec-
ond alteration, most commonly in the p53 or pRb
pathway is responsible for transformation from
osteochondroma to peripheral chondrosarcoma
[55]. Regarding the rare subtypes, mesenchymal
chondrosarcoma has been characterized as hav-
ing a specific gene fusion between HEYI and
NCOA?2 though the mechanism of tumorigenesis
is unknown [56].

Classification

As with other spinal tumors, chondrosarcoma can
be classified based on location utilizing the
Weinstein, Boariani, Biagini (WBB) classifica-
tion system. Within vertebra, chondrosarcomas
can be found in the body, posterior elements, or
both [35]. Conventional chondrosarcoma most
commonly is located in the vertebral body,
whereas peripheral chondrosarcomas more com-
monly arise from the posterior elements. Sacral
chondrosarcomas tend to be eccentrically located,
often involving the sacroiliac joints [57].

Chondrosarcomas can also be divided into dif-
ferent subtypes reflecting different cell signaling
pathways involved in tumorigenesis [43]
(Table 7.2).

Conventional chondrosarcoma accounts for
85% of all subtypes (in all locations) and is cat-
egorized based on the lesion’s location within the
bone as central, peripheral, or periosteal. Central
chondrosarcomas are the most common (75%)
form, and arise de novo from the medullary
canal or transformation of an enchondroma [46].
Peripheral chondrosarcomas, by definition, arise
from secondary transformation of an osteochon-
droma cartilage cap. In both central and peripheral
subtypes, progression toward chondrosarcoma is
associated with molecular defects in apoptosis
and prosurvival pathways. Deregulation of p53
and pRb pathways is observed in most high-grade
conventional chondrosarcomas [48, 52].

Rare subtypes account for the remaining 15%
of all chondrosarcomas (all sites) and include
dedifferentiated chondrosarcoma, mesenchymal
chondrosarcoma, clear cell chondrosarcoma,
myxoid chondrosarcoma, and periosteal chon-
drosarcoma. Dedifferentiated chondrosarcoma is
characterized by a juxtaposed cartilage tumor
with a high-grade noncartilage sarcoma [54]
(Fig. 7.11). Dedifferentiated tumors present in
older patients, are associated with soft tissue
masses, and have a poor prognosis, even in the
absence of metastases [35, 46, 55, 56].

Mesenchymal chondrosarcomas are highly
malignant and are histologically identified by
areas of cartilage combined with areas of undif-
ferentiated small round cells [46] (Fig. 7.12a,b).
Mesenchymal tumors occur in younger patients,
affect extraskeletal soft tissue, have a poor prog-
nosis, and may recur locally or remotely at long-
term follow-up [41,49]. Clear cell chondrosarcoma
is a low-grade subtype characterized by chondro-
cytes with abundant clear cytoplasm. These
tumors are associated with elevated alkaline phos-
phatase and are low-grade but require long-term
surveillance. Periosteal chondrosarcoma (previ-
ously termed juxtacortical) arises on the surface
of bones, affects young patients, and has a good
prognosis despite high histologic grade. Myxoid
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Fig. 7.11 (a) Dedifferentiated chondrosarcoma is dem-
onstrated here. Two nodules of low-grade chondrosar-
coma are present in the left lower and upper right portion.
The dedifferentiated component is directly adjacent to
these nodules, and has the appearance of conventional,

high-grade osteosarcoma in this example. (H&E 40X). (b)
Higher magnification of the dedifferentiated component
shows sheets of epithelioid cells which are elaborating
mineralized immature woven bone (osteoid) in the man-
ner of osteosarcoma (H&E 200X)

Fig. 7.12 (a) As seen here, mesenchymal chondrosar-
coma is characterized by nodules of hyaline cartilage jux-
taposed with a very cellular small blue round cell
component (H&E 100X). (b) Gaping, staghorn-shaped

chondrosarcoma are now typically considered
variants of intermediate or high-grade conven-
tional sarcoma and should be not be confused
with extraskeletal myxoid chondrosarcoma
(EMC) which is a separate soft tissue sarcoma
entity [41, 49].

vascular structured, also known as a pericytomatous vas-
cular pattern, are typically present in the small blue round
cell component of mesenchymal chondrosarcoma (H&E
100X)

Diagnosis, Screening, and Staging

The clinical presentation of patients with spinal
chondrosarcoma that resembles other spinal
tumors is nonspecific and based on tumor loca-
tion. As the vast majority of tumors are low grade,
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these masses grow insidiously and time to pre-
sentation varies widely as result from 1 week to
20 years. The most common presenting symptom
is local pain (80%), as is nocturnal back pain
unresponsive to rest [36, 53]. Patients with spinal
chondrosarcoma have a high rate of neurological
deficit at the time of presentation (24-50%) [46,
49, 56]. Symptoms may include radiculopathy,
neurogenic claudication, weakness, abnormal
tone, sensory deficits, bowel or bladder inconti-
nence, and gait abnormalities. A palpable mass
may also be present (34—-40%) [46, 56].

Plain radiographs obtained to first evaluate
nonspecific symptoms may demonstrate a lucent
or dense lesion, which should prompt advanced
cross-sectional imaging. Computed tomography
(CT) and magnetic resonance (MR) are the pre-
ferred imaging modalities to distinguish chon-
drosarcoma from other spinal masses as well as
to ascertain the tumor’s relationship to adjacent
structures. Although the wide range of patho-
logic subtypes leads to variability in the imaging
appearance of chondrosarcoma, conventional
primary tumor types accounting for 85% of
cases are well described. Classically, chondro-
sarcoma demonstrates lytic bone destruction
with “ring and arc” calcifications identifiable on
plain radiographs and CT [46, 56]. As most
chondrosarcomas have high water content,
lesions are often attenuated on CT. Associated
lobulated soft tissue components of nonmineral-
ized hyaline cartilage have a high water content,
identifiable as low density on CT, low-intermedi-
ate signal on T1-weighted MR, and high signal
on T2-weighted MR. Peripheral or septal
enhancement, or fluid levels may be present on
gadolinium-enhanced images [57]. On MR, the
high water content of chondrosarcoma lesions is
demonstrated as T2-weighted high signal inten-
sity and useful to lesion margins. The imaging
features of the various histologic subtypes are
variable and not typically used for subtype diag-
nosis. Mimicking lesions include giant cell
tumors, plasmacytomas, and metastases.
Imaging of the entire axial spine as well as con-
sideration of whole-body positron emission
tomographic (PET) scanning to evaluate for met-
astatic disease has been advocated, but there is

no established guideline for the use of PET in the
diagnostic and staging evaluation.

Biopsy is essential to establish definitive diag-
nosis. This is especially true in chondrosarcoma,
which may represent a heterogeneous variety of
subtypes. CT-guided fine-needle or core needle
biopsy of the most aggressive-appearing areas
has been demonstrated to have improved survival
and local control compared to open biopsy.
Mutation analysis of IDHI and IDH2 may be
useful in distinguishing chondrosarcoma from
chondroblastic osteosarcoma [58]. Interobserver
variability remains problematic in establishing
histologic grade and subtype. In addition, the
concordance between biopsy diagnosis and diag-
nosis after definitive surgery has been reported as
low as 66% likely reflecting the effect of sam-
pling error [56]. This underscores the importance
of embracing a multidisciplinary approach cor-
relating imaging findings with biopsy results.

As with other sarcomas, chondrosarcoma
most commonly metastasizes to the lungs, fol-
lowed by other osseous site, liver, and regional
lymph nodes. For patients with intermediate- and
high-grade chondrosarcoma, the rates of meta-
static disease are much higher than ACT/CS1
(<10%) and require chest CT screening [46, 49].
Given the low rate of metastases in patients with
ACT/CS1, imaging of the lungs is not routinely
recommended. As with other bone sarcomas, the
staging systems utilized for chondrosarcoma are
the Enneking Staging System and the tumor,
node, metastasis (TNM) staging system devel-
oped by the American Joint Committee on Cancer
(AJCC).

Treatment

In the absence of reliably effective adjuvant ther-
apies, surgical excision of conventional chondro-
sarcoma remains the mainstay of treatment as the
only reliable chance for long-term disease-free
survival. The lack of effective nonsurgical thera-
pies has been the most limiting factor in improv-
ing disease-specific survival rates.

The specific surgical strategy may include
intralesional curettage with or without adjuvant
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or wide resection [59]. For intermediate and
high-grade chondrosarcoma or aggressive sub-
types, wide en bloc excision is recommended to
achieve tumor-free margins [46] (Fig. 7.13a—e).
For low-grade lesions, wide local excision is
also the preferred treatment as higher rates of
metastasis and local recurrence have been noted

with marginal excision. Multiple studies have
documented 100% recurrence rates of patients
treated with intralesional excision [59, 60]. In
the spine, however, the intimate relationship of
neurovascular structures and need for stabiliza-
tion may make intralesional curettage the only
option available. Specifically, Boriani et al.

Fig.7.13 The case is a 30-year-old male with right-sided
back pain and a right-sided T12 tumor extending into the
right T12 rib. (a) AP radiograph of the thoracic spine dem-
onstrating a lytic and destructive lesion on the right side
contributing to a T12 vertebral body deformity with “ring
and arc” calcifications seen affecting the right T12 rib. (b)
Axial CT image demonstrating lytic bony destruction of
the T12 vertebral body and the calcified mass on the right
side affecting the T12 rib and costovertebral articulation.
(¢) Axial MRI image demonstrating the tumor involving
the vertebral body and extending into the right rib invad-

ing the paraspinal musculature and retroperitoneal space.
There is significant spinal cord compression seen ven-
trally with displacement of the spinal cord to the left. (d)
Clinical picture of the resected tumor including the T12
vertebral body and surrounding ribs after surgical resec-
tion using Tomita saws. The surgery consisted of two
stages with the first stage using the posterior approach and
the second stage utilizing the lateral approach. (e)
Postoperative AP and lateral radiographs demonstrating
the anterior and posterior reconstruction following en bloc
resection



108 G. Blumstein et al.

Fig.7.13 (continued)

proposed the criteria directing treatment toward cord ischemia from spinal segmental artery liga-
curettage to include circumferential spinal canal tion [36].

involvement, the need for cord ligation to com- While en bloc resection has improved clinical
plete en bloc resection, and the potential for results in chondrosarcoma, these patients are at
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high risk for major complications and require
adequate preoperative counseling, optimization,
and multidisciplinary care. Recent surgical tech-
niques to improve outcomes include the use of
staged procedures, aortic balloon pumps, intraop-
erative navigation, and the use of vascularized
muscle flaps to repair soft tissue defects [34, 46,
61]. Surgical adjuvants include phenol, cryother-
apy, heat ablation, and intraoperative radiation to
target microscopically invaded dura [62].

Radiation therapy for spinal chondrosarcoma
has been given in preoperative, adjuvant, and
definitive settings, in cases deemed unresectable
or for palliation [63]. In the absence of surgical
excision, radiation offers inferior local control;
however, tumor-free margins may be difficult to
achieve in the spine without significant morbid-
ity. Modalities available include external beam
radiotherapy with photons or charged particles
including protons and cobalt, and intraoperative
plaque brachytherapy [64].

Improvements in three-dimensional treatment
planning with intensity-modulated radiation ther-
apy (IMRT) has enabled safe delivery of higher
radiation doses to the tumor while excluding
adjacent structures including the spinal cord.
Importantly, the Spine Oncology Study group
(SOSG) expert opinion now recommends
60-65Gy equivalent adjuvant radiation therapy
for chondrosarcoma following incomplete resec-
tion or lacking tumor-free margins to improve
local control [65]. In addition to conventional
photon irradiation, alternative radiation modali-
ties have been utilized including stereotactic
radiosurgery (SRS) and radiation with protons
and carbon ions [64]. The long-term results for
these modalities have not been established for
spinal chondrosarcoma, however.

Data on these treatments for spinal chondrosar-
coma are very limited with no randomized con-
trolled trials; however, results have been promising
in skull base chondrosarcoma where en bloc surgi-
cal resection is less common. Compared to radia-
tion for chordoma, lower doses in the range of 70
cobalt gray equivalents (CGE) are recommended
for chondrosarcoma gross disease [64, 66].

While external beam radiotherapy is gener-
ally well tolerated, there are site-specific toxici-

ties reported including hypothyroidism,
pharyngitis, fistulas, insufficiency fractures, and
wound dehiscence [60, 64]. One study reported
sacral insufficiency fractures in 47% of patients
treated with pre- and postoperative radiotherapy
doses of 50 Gy and 20 Gy, respectively [67].
SRS also has reported complications including
acute spinal cord myelopathy and late vocal cord
paralysis [68].

Metastatic disease remains a significant con-
cern as over 30% of patients with intermediate-
to high-grade chondrosarcoma die of metastases.
Histologically, these pulmonary metastases are
almost always identical to the primary tumor.
Chemotherapy is ineffective for chondrosarcoma,
with the exception of mesenchymal and dediffer-
entiated subtypes, for which adjuvant chemother-
apy has been shown to have a survival benefit
[46]. In particular, the limited evidence available
suggests that mesenchymal chondrosarcomas
demonstrate sensitivity to doxorubicin-based
combination chemotherapy [69]. Resistance to
chemotherapy in conventional chondrosarcoma
is multifactorial. Conventional chemotherapeutic
agents targeting actively dividing cells may not
be effective against the slow-growing chondro-
sarcoma tumor cells [46, 70]. Chondrosarcoma
cells also express the multidrug-resistance 1 gene
P-glycoprotein and express a high level of Bcl-2
genes in the anti-apoptotic and prosurvival path-
ways [71]. The tumor architecture of high extra-
cellular matrix and poor vascularity may also
limit chemotherapy penetration physically.

Drugs in phase-II trial include the c-SRC tyro-
sine kinase inhibitor, dasatinib; the serine/threo-
nine kinase Akt inhibitor, perifosine; and the
proapoptotic agonist of Apo2L/ tumor necrosis
factor receptor apoptosis-inducing ligand
(TRAIL) [72-7]. The high molecular weight
melanoma-associated antigen CSPG4 has been
identified as a biomarker of poor prognosis and is
a potential future target for immunotherapy [8].
Other potential targets include alterations in the
pathways related to the IDH enzyme which is
effected in Maffuci’s syndrome, the p16 and p53
malignant transformation of enchondroma, the
altered expression of EXT in MHE, and pathways
involving IHH and PTHLH [46].
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Post-Treatment Surveillance

There is no prospective data to support a specific
post-treatment surveillance protocol for chondro-
sarcoma. The National Comprehensive Cancer
Network (NCCN) consensus guidelines recom-
mend physical examination, serology including
complete blood count, and local imaging every 3
months for 2 years, 4 months for year 3, 6 months
for years 4 and 5, and then annually.
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