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Epidemiology of Bone Lesions
of the Sacrum

Piero Picci

These data come from the Archives of musculoskeletal tumor and pseudotumoral
lesions of the Istituto Ortopedico Rizzoli in Bologna. We do not report incidence
data, but frequency data registered at a referral center for musculoskeletal lesions.
From September 1900 to December 2014, the archive comprises 28,477 cases, of
which 790 (2.77%) were lesion of the sacrum. To better understand the specificity
of sacrum lesions, data will be compared to the figures of bone lesions affecting the
whole skeleton.

1.1 Diagnosis

Conventional bone lesion classification usually subdivides these in “pseudotu-
moral,” “benign,” and “malignant,” considering the last separately between primary
and part of a systemic disease (i.e., carcinoma metastasis, lymphoma, myeloma).

Distribution between these macro-entities differs between the sacrum and all
other bone sites. In the sacrum, about three fourths of the cases are malignant, while
in the other sites, only one half are malignant. Primary malignant tumors are more
frequent in the sacrum (341 cases, 43.2%) followed by systemic lesions (238 cases,
30.1%), benign lesions (195 cases, 24.7%), and pseudotumoral lesions (16 cases,
2.0%). In the whole skeleton, benign lesions are more frequent (11,386 cases,
40.0%), followed by primary tumors (8145 cases, 28.6%), systemic lesions (6149
cases, 21.6%), and pseudotumoral lesions (2797 cases, 9.8%) (Fig. 1.1). Table 1.1
reports all sacrum lesions.

P. Picci, M.D.

Laboratory of Experimental Oncology, Musculoskeletal Oncology, Istituto Ortopedico
Rizzoli, Bologna, Italy

e-mail: piero.picci@ior.it
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Fig. 1.1 Distribution of bone lesions affecting (a) the sacrum and (b) the entire skeleton, in the
Rizzoli experience. Lesions have been classified as pseudotumoral, benign, primitive malignant
and malignant as part of a systemic disease

Frequency of the different entities is totally different from the general distribu-
tion in the whole skeleton. From this comparison many important differences are
evident, apart from the obvious high frequency of chordomas and intraosseous
schwannoma, the latter originating from the sacral roots. There is an important
increase in the percentage of systemic lesions as bone metastasis from carcinoma
(+25%), lymphoma (+64%), and myeloma (+130%). Among primary malignant
tumors, there is an increase of Ewing sarcoma (+54%) and angiosarcoma (+50%),
but there is an important decrease in the frequency of osteosarcomas (—54%) and
chondrosarcomas (—43%). Within the benign tumors, there is an increase in fre-
quency of giant cell tumor (+40%) and osteoblastoma (+145%), the latter compen-
sated by a decrease in the frequency of osteoid osteoma (—56%).

The frequency of aneurysmal bone cyst and angioma of the bone is not dissimilar
from other sites. To be noted is the higher frequency (+120%) of Paget disease in the
sacrum. It is important to report that three of the eight secondary osteosarcomas in
the sacrum developed on Paget disease. Table 1.2 reports the incidence of the 15
most frequent entities in the sacrum compared to the frequency in the whole
skeleton.



1 Epidemiology of Bone Lesions of the Sacrum

Table 1.1 Lesions of the Pseudotumoral lesions 16
sacrum Paget disease 9
Histiocytosis X 6
Solitary bone cyst 1
Benign lesions 195
Giant cell tumor 58
Aneurysmal bone cyst 27
Osteoid osteoma 25
Intraosseous schwannoma 25
Osteoblastoma 21
Angioma of bone 9
Fibrous dysplasia 5
Notochordal benign tumor 5
Benign not otherwise specified 5
Solitary osteochondroma 4
Ependymoma 4
Teratoma 4
Chondroblastoma 1
Chondromyxoid fibroma 1
Intraosseous lipoma 1
Primary malignant tumors 341
Chordoma 167
Ewing sarcoma 63
Osteosarcomas 46
Classic 35
Secondary 8
Low-grade central
Telangiectatic
Chondrosarcomas 29
Central 14
Peripheral 6
Clear cell 3
Mesenchymal 3
Dedifferentiated 3
Sarcoma not otherwise specified 10
Angiosarcoma 7
Intraosseous solitary fibrous tumor 6
Undifferentiated pleomorphic sarcoma (UPS) |4
Intraosseous malignant schwannoma 3
Intraosseous leiomyosarcoma 3
Intraosseous synovial sarcoma 2
Intraosseous myoepithelioma 1
Systemic tumors 238
Carcinoma metastasis 153
Myeloma 49
Lymphoma 36
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Table 1.2 Comparison of frequency in the sacrum and in the whole skeleton for the 15 most

frequent entities

Sacrum Whole skeleton Delta
N° % N° % %
Chordoma 167 21.1 123 0.4 5175
Metastasis from carcinoma 153 19.4 4305 15.5 25
Ewing sarcoma 63 8.0 1437 5.2 54
Giant cell tumor 58 7.3 1451 5.2 40
Myeloma 49 6.2 745 2.7 130
Osteosarcomas 46 5.8 3507 12.7 —-54
Lymphomas 36 4.6 767 2.8 64
Chondrosarcomas 29 3.7 1813 6.5 —43
Aneurysmal bone cyst 27 3.4 1093 3.9 -13
Osteoid osteoma 25 3.2 1992 7.2 —56
Intraosseous schwannoma 25 32 17 0.1 3100
Osteoblastoma 21 2.7 311 1.1 145
Paget disease 9 1.1 140 0.5 120
Angioma of bone 9 1.1 279 1.0 10
Angiosarcoma 7 0.9 180 0.6 50
Fig. 1.2 Gender Sacrum
distribution of patients
i s i
e st
b All bones
m Males
@ Females

1.2 Gender

A slight prevalence is evident in females with sacral lesions (44.3%) in comparison
to other sites (41.0%) (Fig. 1.2).
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13 Age

The analysis of age shows major differences in the sacrum, compared to other bone
sites.

In the sacrum, with a range of 0-89 years, the mean is 44 and the median 47,

while in all other sites with a similar age range (from 0 to 103), the mean is 32 and
the median is 25.

It is evident that sacral lesions develop in much older patients compared to the

other bone sites. Figure 1.3 reports the incidence by decades of the two groups.

Conflict-of-Interest Statement No benefits have been or will be received from a
commercial party related directly or indirectly to the subject matter of this article.




Overview on Bone Sacral Tumors

Alexandra Gangi and Ricardo Gonzalez

2.1 Introduction

Primary sacral tumors are rare, accounting for approximately 5—7% of all spinal
tumors [1]. Metastases are the most common malignant tumors of the sacrum and
can be derived from lung, breast, kidney, prostate, head and neck, gastrointestinal,
or skin (melanoma) cancers [2, 3, 62]. Primary benign and malignant tumors of the
sacrum may arise from bone or neural elements or the bone marrow in cases of
hematological malignancies. Approximately 10% of all benign tumors or pseudotu-
mors have been known to involve the sacrum. These can include giant cell tumors
(60% of cases), aneurysmal bone cysts (4%), and osteoblastomas. Of malignant
bone tumors, 6-8% involve the sacrum and include chordoma (50%), lymphoma
(9%) and multiple myeloma (9%), Ewing’s sarcoma in children (8%), chondrosar-
coma in adults, and osteosarcoma [4].

2.2 Clinical Presentation

Sacral tumors are generally diagnosed late, and the clinical pattern depends on the
anatomic location of the lesion within the sacrum and involvement of specific ana-
tomic structures [5—13]. The topic will be discussed in greater detail in the specific
chapter.

A. Gangi, M.D. ¢ R. Gonzalez, M.D. (b))

Sarcoma Department, H. Lee Moffitt Cancer Center,

12902 Magnolia Drive, Tampa, FL 33602, USA

e-mail: Alexandra.Gangi@moffitt.org; Ricardo.Gonzalez@moffitt.org
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Fig. 2.1 Coronal and sagittal views of 8.5 x 6.5 cm sacral chordoma involving S3-C1

2.3 Imaging

Imaging is a useful adjunct in the diagnosis of sacral tumors. Although the sacrum
can be frequently obscured by overlying stool or bowel gas, plain radiographs can
be helpful with initial diagnosis. Nonetheless, for more thorough evaluation and
better defined spatial understanding, additional imaging such as computed tomogra-
phy (CT) scan or magnetic resonance imaging (MRI) are required [14, 15, 59].

In general, computed tomography is superior in showing bony details and calci-
fications and allows for better visualization of adjacent viscera. Lumbar CT scans
usually ordered for sciatica of cruralgia must include S1 and S2 in the examination
so that sacral lesions are not missed. CT-guided biopsy is particularly useful in the
sacrum. If CT is substituted for MRI and there is a presacral soft tissue mass, admin-
istration of both rectal and intravenous contrast should be considered to better eval-
uate involvement of the pelvic structures (Fig. 2.1). When possible, however, MRI
is the imaging modality of choice to specify the diagnosis, tumor extent into the
sacral canal, neurovascular involvement, and aid in preoperative planning [14, 15].
In some lesions that are hypervascular, such as renal cell carcinoma, leiomyosar-
coma, giant cell tumors, and hemangiopericytomas, preoperative angiography and
embolization should be considered [15, 16]. This allows for reduced tumor vascu-
larity and safer resection in select patients [15-17].

24 Biopsy

Given that the differential diagnosis of sacral tumors is extensive, a biopsy should
be performed in almost all cases. A transrectal or transvaginal biopsy should gener-
ally not be performed because it violates the containing membranes of presacral
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fascia and periosteum and could lead to seeding of the rectum or vagina with tumor
cells. The preferred biopsy method is image-guided core biopsy, if it can be per-
formed safely.

2,5 Benign Sacral Tumors

Most lesions of the sacrum are benign. Common benign sacral tumors in children
are sacrococcygeal teratomas (the most common), lipomas, dermoids, epidermoid
cysts, and bone islands or enostoses [18, 19]. Congenital abnormalities such as
spina bifida occulta, tethered cord, hairy nevi, dermal sinus tracts, and dimples are
associated with tumors of the sacrum in children [6, 20].

Sacrococcygeal teratomas are rare congenital tumors that arise from pluripotent
cells. Although approximately 70% are benign, there is a tendency toward malig-
nant transformation [18]. Approximately 20% of sacrococcygeal teratomas are
identified prenatally; 70% are identified at birth, and the remaining 10% are identi-
fied within the first year of life. In adults, sacrococcygeal teratomas are rare and
more commonly benign. On radiographs, the tumors are seen as protruding soft
tissue masses with amorphous, punctuate, or spiculated calcifications. CT and MRI
usually show a heterogeneous mixture of solid and cystic components [23]. Most
sacrococcygeal teratoma resections are performed via a posterior approach, but
occasionally a combined abdominal-sacral approach is required. In some patients,
extent of resection warrants a temporary and rarely permanent colostomy [24].

While, in children, most sacral tumors tend to be benign, the frequency of benign
lesions in adults is significantly lower. The most common benign sacral tumors in
adults are giant cell tumors (13% of all sacral tumors), aneurysmal bone cysts, osteo-
blastomas, schwannomas, osteoid osteomas, skeletal osteochondromas, chondro-
myxoid fibromas, nerve sheath, and meningeal tumors of the sacrum [24-28, 58, 63].

The sacrum is the third most common location for giant cell tumors which tend to
affect patients in their second and fourth decades of life. Giant cell tumors also tend
to be more common in females [23, 28, 29]. Sacral giant cell tumors usually develop
in an eccentric position, but commonly extend to involve both sides of the midline.
Additionally, they tend to have the propensity to cross the sacroiliac joints and inter-
vertebral disks, which is unusual for many other spinal lesions and is a useful distin-
guishing feature of giant cell tumors [23]. Although generally classified as a benign
tumor, 5-10% of giant cell tumors have been reported to be malignant. Malignancy
can be characterized based on mitotic activity, 1/mm? or less is highly unlikely to be
malignant, and histology and sarcomatous features within the primary specimen can
indicate an increased likelihood of malignant degeneration. Additionally, patients
may develop lung metastases and recurrence which demonstrate malignancy initially
missed in primary tumor pathology evaluation. For these patients prognosis is poor
and 5-year tumor-free survival is <50% [30]. The standard treatment for giant cell
tumors is wide excision or aggressive curettage followed by adjuvant phenol, hydro-
gen peroxide, liquid nitrogen or argon beam therapy, embolization, and bone graft-
ing or cementation. Cryosurgery and radiation therapy are also possible options [11,
30-34, 64]. It is important to attempt complete resection, as recurrence rates have
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been noted to be as high as 50% if complete resection is not achieved [10, 21, 35]. In
appropriately selected patients, sacrectomy is an optional procedure which can ren-
der the patient free of disease and improve risk of recurrence [31, 32].

The second most common benign tumor in adults is an osteoblastoma. Typically,
osteoblastomas affect young adults, with a male/female ratio of 2:1. Approximately
40% of these lesions occur in the spine with approximately 17% arising in the
sacrum specifically [3]. Osteoblastomas should be excised. The lesions recur in
10-15% of cases, but the rate approaches 50% in the more aggressive pattern.
Malignant transformation of osteoblastoma to osteosarcoma with metastases has
also been reported [14].

There are additionally a handful of rarely occurring tumors of the sacrum, oste-
oid osteomas, cavernous hemangiomas, and chondromyxoid fibromas. Osteoid
osteomas of the sacrum represent <2% of sacral tumors [4, 22, 58]. En bloc resec-
tion and radiofrequency ablation are both viable options and render low rates of
recurrence [2, 33, 34]. Cavernous hemangiomas are the most common benign
tumors of the spine, but only exceptionally involve the sacrum [36]. Chondromyxoid
fibroma is a rare benign tumor of the sacrum [36]. Differential diagnosis should
include chondrosarcoma, chordoma, and giant cell tumor. Surgical excision of the
affected area or curettage and bone grafting are the treatments of choice for chon-
dromyxoid fibroma. Radiation therapy should only be considered for the rare surgi-
cally inaccessible tumor [36]. Nonetheless, all of these lesions should be considered
on the differential diagnosis when considering tumor subtypes.

Nerve sheath tumors may arise from the sacral nerve roots and include schwan-
nomas and neurofibromas (Fig. 2.2). The most common nerve sheath benign sacral
tumors are the giant sacral schwannomas; the mean diameter of these tumors is
approximately 10.5 cm. Cyst formation, hemorrhage, and necrosis are relatively
common in giant sacral schwannomas; unlike neurofibromas, schwannomas tend to
be encapsulated. En bloc resection is the treatment of choice. Although difficult
because of their size and the presence of critical sacral nerve roots, most can be
resected completely, and recurrence is rare [37, 38].

Fig.2.2 Plexiform neurofibroma involving the sacrum in a patient with history of neurofibroma-
tosis type 1
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2.6 Malignant Sacral Tumors

The most common malignant tumors of the sacrum include chordomas, multiple
myelomas, Ewing’s sarcomas, and primitive neuroectodermal tumors (PNET). Primary
lymphomas, osteosarcomas, chondrosarcomas, angiosarcomas, fibrosarcomas, carci-
noid, and amyloid tumors of the sacrum are also malignant, but are quite rare.
Chordomas are the most common primary malignant tumor of the sacrum and
the most common tumor of any type involving the sacrum [29, 38]. The majority of
sacral chordomas occur in the sacrococcygeal region in patients who are 40 years of
age or older and occur almost twice as frequently in men compared to women [39].
Chordomas are slow growing and often displace but generally do not invade the
rectum and/or the bladder (Figs. 2.3 and 2.4). Metastases are not common, and if

Fig. 2.3 (a) Prone approach to resection of sacral chordoma with attempted preservation of nerve
roots. (b) Resected specimen

Fig.2.4 Post-resection of
chordoma with intact nerve
roots (arrows)
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metastatic disease is encountered, it is usually a late event [39]. On imaging, there
is frequently a well-circumscribed osteolysis without an osteosclerotic rim, and a
solid tumor with cystic areas is seen in approximately 50% of cases [3, 14, 15, 23].
Dedifferentiated chordoma is a rare variant that is clinicopathologically analogous
to dedifferentiated chondrosarcoma. The sarcomatous component of dedifferenti-
ated chordomas generally demonstrates more aggressive biological behavior and
has a higher propensity to metastasize [40]. Primary treatment for chordomas is
wide resection, and patient prognosis is dependent upon the completeness of resec-
tion and the violation of the tumor margins at the initial surgery. It is imperative to
obtain an RO resection to prevent recurrence; therefore, sacrifice of sacral nerve
roots at the time of initial surgery may be necessary and is not uncommon. Total
sacrectomy for chordomas involving the S1 nerve root have been reported [32, 41—
43]. Local recurrence is the most important predictor of mortality in patients with
chordomas and is related to the extent of initial resection. Local recurrence of sacral
chordomas results in high morbidity rates and is associated with an approximately
20-fold increased risk of tumor-related death [8, 9, 11, 13, 39]. If the lesion is
incompletely resected, adjuvant radiation therapy is another option; however, its
efficacy is debatable [7, 11, 13, 44]. Results with brachytherapy techniques for
recurrent sacral chordoma have been reported in small numbers of patients with
varying success rates [45]. Chemotherapy has been of little value in the manage-
ment of chordomas [11, 46]. Metastases, which can be found in the liver, lung, and
regional lymph nodes, eventually develop in 5-43% of patients [44, 47].

Multiple myeloma is the second most common primary malignant neoplasm of
the sacrum. Its incidence peaks in the sixth and seventh decade of life and is more
common in males. The earlier solitary form, plasmacytoma, affects younger patients
when compared with multiple myeloma. Lesions tend to be larger than those of
multiple myeloma and tend to be osteolytic and expansile. These lesions also have
poorly defined margins and are frequently associated with a soft tissue mass.
Plasmacytomas generally progress to multiple myeloma in 10-15 years [14, 23, 48].

Lymphomas are the third most common primary malignant tumors of the sacrum
but represent less than 5% of malignant bone tumors [30]. They predominantly
affect men in their fifth to sixth decades of life. Lymphomas can cause aggressive
bony destruction, although they tend to extend to the soft tissue leaving the underly-
ing bones intact [ 14, 23, 49]. Three imaging signs, although nonspecific, are sugges-
tive of lymphomas. These include the intensity and extent of uptake on bone scan
(reveals a hot spot), the massive bone marrow invasion on MRI (poorly defined
margins with a wide zone of transition) despite normal radiographic findings, and
the large soft tissue mass with no visible cortical lesion on CT [50]. This highlights
the importance of pursuing investigations (particularly bone scintigraphy and MRI)
in patients with persistent pain despite their having no detectable abnormality on
conventional radiography [15].

Ewing’s sarcoma and PNET represent the fourth most common primary malig-
nant tumors of the spine [26, 61]. Within the spine, the sacrum is the most common
site of involvement. The age range for Ewing’s sarcoma is 5-30 years, with 75%
occurring in the first two decades of life. The male/female ratio is 3:1. Imaging
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findings tend to show paraspinal soft tissue masses and extradural space involve-
ment [22, 51]. Some cases of sacral Ewing’s sarcomas may present as a predomi-
nant soft tissue mass, extending to pelvic structures or to the spinal canal, with
limited osteolysis [15]. Immunohistochemical studies are needed to distinguish
Ewing’s sarcoma from PNET, with the latter being characterized by neural differen-
tiation [22, 23, 51, 60]. Primary treatment for Ewing’s sarcoma and PNET is che-
motherapy and radiation therapy; however, many patients require decompressive
surgery and stabilization secondary to symptomatology. Unfortunately, these lesions
are associated with the worst prognosis when they occur in the sacrococcygeal
region, with low likelihood of local control (60%) and poor long-term survival [19].

There are a number of more rare malignant sacral tumors. Osteosarcomas
account for 4% of primary malignant tumors of the sacrum. Many of the osteosar-
comas of the sacrum are secondary to Paget’s disease [30]. Sacral chondrosarco-
mas, fibrosarcomas, and angiosarcomas are unusual [52]. A 2% incidence of
primary and secondary chondrosarcomas of the sacrum has been reported [4]. Most
of sacral fibrosarcomas arise from a pre-existing lesion, usually previously irradi-
ated bone, Paget’s disease, or fibrous dysplasia [3].

Another rare malignant lesion is a malignant peripheral nerve sheath tumors
(MPNST) (neurofibrosarcomas or malignant schwannomas). These tumors are
associated with neurofibromatosis type 1 as they usually arise from pre-existing
neurofibromas. Additionally, they have a tendency to recur locally and spread hema-
togenously, and despite aggressive surgery and adjuvant therapy, the prognosis for
patients with MPNST is poor [23].

2.7  Surgical Treatment of Sacral Tumors

For a majority of the aforementioned benign and malignant tumors, complete tumor
resection with negative resection is the mainstay of therapy. The surgical goals
should be to remove the tumor completely with clear margins while maximizing
postoperative function. For malignant lesions, a radical surgical approach such as
partial or total sacrectomy, with sacrifice of sacral roots, is often warranted to
achieve total resection with clear margins [8]. Various sacrectomies have been
described depending on the tumor location, extent, and histology, and decision
regarding partial or total sacrectomy for en bloc resection can be made after radio-
logical evaluation and appropriate tissue diagnosis.

Total sacrectomy is indicated when a malignant or aggressive benign lesion
involves the proximal sacrum [41, 42]. Partial sacrectomy which includes trans-
verse, sagittal, or a combination of both can be considered for sacral tumors that lie
entirely to one side of the sacrum. According to the transverse axis and sacroiliac
joint involvement, sacral tumors are considered to be either high midline lesions
(above S3 without lateral invasion of a sacroiliac joint), high lateral lesions (above
S3 with sacroiliac joint invasion), and low midline lesions (below S3). Lateral
lesions with sacroiliac joint involvement should be treated by sagittal sacrectomy,
while high or low midline tumors without sacroiliac joint involvement should be
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treated by transverse sacrectomy [15]. These technically demanding procedures
require multidisciplinary (neurosurgery, surgical and orthopedic oncology, and
plastic surgery) involvement and should only be undertaken at institutions with
experience in treating such patients.

2.8 Radiation Therapy

In those cases where primary complete resection of sacral tumors is difficult because
of proximity to neural and vascular structures, radiation therapy may be useful. For
sacral metastases, radiation therapy may be the initial treatment of choice, whereas
in some cases of primary sacral tumors, conventional radiation therapy may be used
in conjunction with surgery as adjuvant treatment (for palliation, prevention of path-
ological fractures, or to slow progression of or reverse neurologic compromise)
[53]. When considering radiation therapy for such patients, it is important to remain
cognizant of surrounding structures and to limit radiation doses as appropriate.

2.9 Embolization

Embolization is a useful adjuvant therapy in the management of sacral tumors.
Typically, Gelfoam, alcohol embolizing emulsions, coils, ethanol, and microfibrillar
collagen are used for embolization [49, 50, 54-57]. If a vascular sacral lesion is
suspected based on presentation and imaging, then preoperative angiography should
be performed to characterize the vascular anatomy and to determine if the lesion
would be amenable to embolization. Of note, sacral tumors may have significant
collateral circulation, and tumor neovascular recruitment may result in the forma-
tion of an extensive collateral vascular network [55]. It is recommended that embo-
lization should be performed as close as possible to the time of surgery. Typically,
timing of embolization is critical and should be planned carefully in conjunction
with surgical resection [55-57]. Also, it is important to note that ischemic neuropa-
thy is a potential complication of any pelvic embolization that can result in motor
and sensory deficits in the pelvis and lower extremities. Therefore, care must be
taken to identify and avoid embolization of the neurovascular anatomy. Rectal isch-
emia can result from superior hemorrhoidal artery embolization. Any embolization
of sacral tumors may result in injury to nontargeted tissue including muscle infarc-
tion, injury to the skin, or injury to the colon or other organs [53].

Conclusion

Primary benign and malignant tumors of the sacrum are rare lesions that
account for fewer than 7% of all intraspinal primary tumors. Metastatic lesions,
multiple myeloma, and lymphoma are far more common than primary sacral
tumors. Patients with sacral tumors present with nonspecific symptoms,
including pain, palpable mass, and neurologic deficits. Additionally, the man-
agement of tumors of the sacrum is challenging. Radical resection through
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partial or complete sacrectomy can prolong the overall survival of patients
with primary malignant or aggressive benign tumors; however, it is necessary
to establish immediate stability through spinopelvic reconstruction for early
ambulation and preservation of the quality of life. While modern radiation
therapy and stereotactic radiosurgery have the potential to reduce complica-
tions and embolization can be used as an adjunct to surgery, thorough opera-
tive planning by a multidisciplinary team is critical to the success of treatment
of such lesions.

Conflict-of-Interest Statement No benefits have been or will be received from a
commercial party related directed or indirectly to the subject matter of this article.
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Clinical and Neurological Manifestations 3
of Sacral Tumors

Alexandra Gangi and Ricardo Gonzalez

3.1 Clinical Presentation

Sacral tumors are generally diagnosed late and can present as large, advanced neo-
plastic masses because of mild initial symptoms. The clinical pattern depends on the
anatomic location of the lesion within the sacrum, its extension, and whether it
compresses or invades neighboring structures [1]. The pain may initially be nonspe-
cific and as clinical examination is usually poor, these tumors may remain clinically
silent for long periods of time. The most common initial symptom of a sacral tumor
is local pain due to its mass effect and compression. Occasionally smaller lesions
could become symptomatic secondary to involvement of critical structures, such as
nerves or ureters, or because of pathologic fractures. Generally, however, these
tumors remain asymptomatic until they are quite large, and lower sacral tumors can
grow large enough for their anterior portion to be palpated during a rectal examina-
tion [1-3]. While lateral extension of sacral tumors across the sacroiliac joints
causes local pain at the joint, invasion of the origin of the gluteus maximus and piri-
formis muscles leads to local pain and subsequently decreases hip extension and
external rotation strength [3-7].

Subsequently, as nerve roots become increasingly compressed or infiltrated by
tumor, multiradicular sensory deficits develop and can include radicular pain radiat-
ing uni- or bilaterally into the buttocks, posterior thigh or leg, external genitalia,
and/or perineum (Fig. 3.1).

As this continues to progress, motor deficits, and eventually, bladder, bowel, and/
or sexual dysfunction from anterior extension of the tumor into the presacral space
can be noted [1].
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Fig. 3.1 Sacral nerve roots (2016, June). Retrieved July, 2016, from http://wiki.ahuman.org/
index.php/HumanNervesSpinalRoots

Involvement of lumbosacral nerve roots in sacral lesions leads to certain specific
deficits. A lesion involving the L-5 nerve root, commonly in its L5-S1 foraminal or
extraforaminal course, may cause radicular pain and hypesthesias in the lateral
thigh and calf as well as dorsum of the foot to the great toe [1, 2, 4]. Motor weakness
of the L-5 nerve root may result in weakened ankle dorsiflexion, great toe extension,
knee flexion, and hip abduction. The straight-leg raise test, or Lasegue’s sign, which
involves raising the patients leg with a straight knee while the patient is supine,
would result in sciatic pain and render a positive result. A lesion involving the S-1
nerve root, in its canalicular, S1-2 foraminal or extraforaminal course, typically
causes radicular pain and hypesthesias in the posterior thigh and calf as well as at
the lateral and plantar face of the foot and the small toe. A motor deficit due to an
S-1 lesion may result in weakened ankle plantar flexion, knee flexion, and hip exten-
sion. A unilateral lesion to the S2 or S3 nerve root usually leads to mild or moderate
bladder, bowel, and/or sexual dysfunction [8, 9]. A bilateral lesion of the S2 or S3
roots almost always results in complete bladder, bowel, and sexual dysfunction, and
although a unilateral lesion at the same nerve root may cause symptoms, they are
generally more nonspecific. However, unilateral or even bilateral lesions of the S4
and/or S5 roots do not result in autonomic dysfunction, although anatomical work
has shown some S4 and S5 root contribution to bladder and bowel function [10].
Performance of a thorough physical exam in such patients is critical and can signifi-
cantly aid in diagnosis and ancillary testing.
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Imaging of Sacral Tumors and Tumor
Simulators: Experience of the Mayo
Clinic

Laurel A. Littrell and Doris E.Wenger

4.1 Introduction

Imaging of the sacrum can be a challenging task. On conventional radiographs, the
sacrum is difficult to evaluate due to its complex anatomy as a flat and irregular
bone with the posteriorly angled and slightly curved shape of the sacrum combined
with the complex ring-shaped geometry of the pelvis. These features result in over-
lap with additional bones of the pelvis, as well as overlying stool, bowel gas, and
soft tissues that can significantly limit the ability to detect pathology involving the
sacrum [1]. Nevertheless, radiographs are recommended as the modality of choice
to begin the imaging workup of a patient with known or suspected sacral pathology.
Although careful scrutiny may allow detection and initial characterization of a lytic,
expansile, sclerotic, or mineralized tumor, sacral tumors and other abnormalities
can easily escape detection on conventional radiographs.

When an abnormality is detected in the sacrum on conventional radiographs or
clinical suspicion warrants, cross-sectional imaging with CT and/or MRI allows for
improved detection, characterization, and staging of sacral masses and other abnor-
malities [2]. CT provides an advantage over MRI in its ability to evaluate the integ-
rity of the cortex, to assess and characterize periosteal new bone formation, and to
detect and characterize matrix mineralization. With these features, CT provides the
ability to evaluate the imaging features of a lesion that are helpful in distinguishing
between benign and malignant bone tumors. The advantages of MRI include its
superior soft tissue contrast resolution, which provides the ability to sensitively
detect lesions, characterize tissue types, and accurately stage tumors locally for
their anatomic extent in the bone and soft tissues. In many cases, the information
from CT and MRI are complimentary and interpreted in conjunction to provide
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optimal tumor characterization. It is also important to determine the size and num-
ber of lesions, since the differential diagnosis varies significantly for solitary versus
multiple lesions.

4.2  General Imaging Features

When a solitary mass is detected in the sacrum, it is important to evaluate it using
the same features that are used to characterize a tumor in a long bone. The imaging
features that can be utilized to determine if a lesion is benign or malignant include
the lesion margination, zone of transition, pattern of destruction (osteolytic, osteo-
sclerotic, or mixed), presence and character of periosteal new bone formation, and
matrix mineralization as well as the integrity of the cortex and evidence of soft tis-
sue extension. In long bones, these features are often accurately evaluated on con-
ventional radiographs. However, in the sacrum, these features are often difficult to
discern for the reasons previously mentioned. When information regarding these
features cannot be determined on conventional radiographs, then CT is the next best
imaging modality to establish these criteria.

4.3  Cross-Sectional Imaging with Computed Tomography
(CT) and Magnetic Resonance Imaging (MRI)

CT exams are typically performed with axial image acquisition and multiplanar 2D
image reconstruction in coronal oblique and sagittal planes. Conversely, if a lesion
is detected on MRI, then it is important to compare the MRI with either a CT or
radiographs to fulfill the assessment of these criteria. MRI is advantageous for local
tumor staging, detecting the presence of a soft tissue mass and evaluating its rela-
tionship with the traversing neural elements and adjacent pelvic organs. For exam-
ple, dedicated imaging of the sacrum allows for visualization of individual nerve
roots as they course through and exit the neural foramen and can reveal evidence of
nerve encasement or perineural spread of tumor that may not be visible on CT. In
addition, MRI is more accurate for evaluating the extent of lesions in the bone mar-
row and may show evidence of marrow infiltration that is not apparent on
CT. Additionally, MRI is more sensitive for the detection of additional lesions that
would impact the appropriate differential diagnosis of a sacral tumor. For example,
diffusely abnormal marrow throughout the pelvis or multiple discrete lesions would
suggest the possibility of a marrow-infiltrating process such as metastases, multiple
myeloma, or lymphoma.

For MR imaging of tumors, T1-weighted sequences, fluid-sensitive sequences
with fat suppression, and post gadolinium contrast T1-weighted sequences provide
a useful combination of imaging sequences to optimally detect and characterize
pathology in the sacrum. True T1-weighted imaging is invaluable and should always
be performed in the evaluation of a tumor or other indeterminate lesion in the
sacrum. In general, complete replacement of the internal fat within the bone marrow
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is one of the most important features for distinguishing normal red marrow or edema
from a marrow-replacing tumor.

In addition to T1-weighted imaging, an abnormality in the sacrum should be
carefully examined for signal characteristics on a fluid-sensitive sequence as well
as fat-saturated T2-weighted fast spin-echo (FSE) sequences or inversion recov-
ery (IR) sequences [3, 4]. In general, FSE T2-weighted images with fat saturation
provide improved spatial resolution and signal to noise compared with inversion
recovery imaging. However, inversion recovery images can provide improved fat
saturation in the setting of metallic hardware. Bone marrow rich in “yellow mar-
row” should be dark on a fat-saturated fluid-sensitive sequence. Red marrow usu-
ally demonstrates minimal T2 signal abnormality, usually only minimally brighter
than the adjacent fatty bone marrow. On T2-weighted or IR images, many benign
and malignant neoplastic processes are hyperintense and brighter than either yel-
low or red marrow. However, bone lesions that are diffusely sclerotic and heavily
mineralized or contain significant blood products can demonstrate intermediate
or dark signal intensity on T2-weighted imaging. The intermediate or dark com-
ponents are often intermixed within areas of bright signal intensity. However, in
the case of a purely sclerotic lesion such as a sclerotic metastasis, the lesion may
be homogeneously dark and may be missed on T2-weighted imaging alone mak-
ing careful correlation with T1-weighted images critical. Although most patho-
logic processes involving bone are bright on fluid-sensitive sequences, focal
increased T2 signal within the sacrum is a nonspecific finding alone and can be
seen in a wide range of benign and malignant diseases including stress fracture,
infection, metastases, and primary bone tumors, both malignant and benign.
Careful correlation with the morphology of the signal abnormality, the
T1-weighted imaging findings, as well as conventional radiographic and/or CT
findings is crucial.

Gadolinium contrast-enhanced images are usually performed in the evaluation of
a suspected tumor within the sacrum. However, gadolinium enhancement is a non-
specific feature that can be seen in a broad spectrum of benign/reactive and neoplas-
tic processes, including reactive edema, osteomyelitis, vascular red marrow, and a
variety of malignant and benign bone tumors. The enhancement pattern may help
distinguish benign from malignant diseases in some cases [3]. For example, gado-
linium enhancement can help distinguish solid from cystic masses. It can also be
utilized to evaluate for areas of necrosis, either in the primary tumor or in response
to chemoradiation therapy. It can also provide guidance for biopsy planning in order
to target a solid enhancing portion rather than a non-enhancing necrotic portion to
improve diagnostic yield [5].

4.4 Differential Diagnosis of Sacral Masses

When a mass is detected in the sacrum, the differential diagnosis is broad and
includes a wide range of both benign and malignant disease processes. However, the
differential diagnosis for a specific tumor can be narrowed based on factors such as
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Table 4.1 Pneumonic for No Neurogenic tumors
the differential diagnosis of a

sacral mass, “No Good
Comes Of A Sacral Mass” Malignant peripheral nerve sheath tumor

Benign neurofibromas schwannomas

Good Giant cell tumor

Comes | Chordoma
Benign notochord cell tumor (BNCT)

Of Osteoblastoma
A Aneurysmal bone cyst (ABC)
Sacral Sarcomas

Ewing’s sarcoma

Osteosarcoma

Chondrosarcoma

“Simulators”

Red marrow

Paget disease

Stress fractures

Mass Mets, myeloma, lymphoma

Meningocele and Tarlov cysts

patient’s age, sex, and specific imaging findings including those listed above such as
the presence of matrix mineralization, margination, periosteal reaction, and precise
location within the sacrum. A helpful pneumonic for remembering the multitude of
diagnostic possibilities when a sacral tumor is encountered is “No Good Comes Of
A Sacral Mass,” where “N” stands for neurogenic tumors and includes both benign
neurofibromas and schwannomas and malignant peripheral nerve sheath tumors
(MPNST), “G” for giant cell tumor, “C” for chordoma (and benign notochord cell
tumors or BNCT), “O” for osteoblastoma and osteoid osteoma, “A” for aneurysmal
bone cyst (ABC), “S” for sarcoma (including Ewing’s sarcoma, osteosarcoma, and
chondrosarcoma) as well as simulators of tumor (including red marrow, Paget dis-
ease, and stress fracture), and “M” for metastases and the marrow-infiltrating lesions
(including myeloma and lymphoma) and also for meningocele (and Tarlov cysts)
(Table 4.1).

The diagnoses on the differential diagnosis can be subdivided into general cate-
gories based on the patient’s age. For example, ABC, osteoblastoma, Ewing’s sar-
coma, and osteosarcoma tend to occur in patients less than 20 years old. Since
osteosarcomas in the spine tend to occur in older patients than osteosarcoma in
other locations, osteosarcoma should also be included in the differential for a
malignant-appearing destructive solitary mass in the sacrum of a patient between
the ages of 20 and 40 years. Neurogenic tumors and giant cell tumors tend to occur
in patients between the ages of 20 and 40 years. Chordomas, metastases, myeloma,
lymphoma, chondrosarcoma, and secondary osteosarcomas as well as the tumor
simulators tend to occur in patients over the age of 40 (Table 4.2) [1, 2, 5-9].
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Table 4.2 General guidelines for formulating an appropriate differential diagnosis for sacral
tumors based on age

Age in years Less than 20 2040 Greater than 40
Benign ABC Giant cell tumor Tarlov cysts
Osteoblastoma Schwannoma Tumor simulators
Neurofibroma Stress fracture

Paget disease

Red marrow
Malignant Ewing’s sarcoma MPNST MPNST, usually <50
Osteosarcoma Osteosarcoma Chordoma

Mets

Myeloma

Lymphoma

Chondrosarcoma

Osteosarcoma (secondary to
radiation and Paget disease)

4.5 Imaging Findings of the Most Common Benign
and Malignant Neoplasms in the Sacrum and Tumor
Simulators

4.5.1 Neurogenic/Peripheral Nerve Sheath Tumors

Peripheral nerve sheath tumors (PNSTs) are divided into benign and malignant cat-
egories. Benign PNSTs include neurofibromas and schwannomas and most com-
monly occur in patients between the ages of 20 and 40 years of age. The malignant
categories, formerly referred to as neurofibrosarcomas, malignant schwannomas,
and neurogenic sarcomas, are currently termed malignant peripheral nerve sheath
tumors (MPNST) by the World Health Organization and are most commonly seen
in patients between the ages of 20 and 50 years [7-9]. Any of these categories can
be associated with neurofibromatosis type 1, and the risk of malignant degeneration
is higher in these patients due to the multiplicity and long-standing nature of these
tumors. In the general population, the lifetime risk of malignant transformation of a
benign neurogenic tumor is 3-5%. In patients with neurofibromatosis type 1, the
risk is as high as 15-20% [10]. Although neurogenic tumors can arise in any loca-
tion, they most commonly occur near the trunk. The sacral plexus is one of the most
common sites, along with the sciatic nerve and brachial plexus. These are typically
intradural extramedullary lesions and are not true primary tumors of the sacrum but
take their origin within the sacral spinal canal and/or within the sacral neural fora-
men, with resultant expansion or infiltration of the surrounding bone. Subsequently,
they may present as a mass involving the sacrum with a significant presacral soft
tissue mass. They may also present as a predominantly presacral soft tissue mass
with or without direct anatomic extension into adjacent sacral neural foramina.
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Pathologically, neurofibromas and schwannomas have distinctly different rela-
tionships to the parent nerve. Neurofibromas show more intimate involvement of the
nerve with the parent nerve entering and exiting the fusiform mass, whereas schwan-
nomas show more eccentric involvement of the nerve. It is often impossible to dif-
ferentiate schwannomas from neurofibromas based on imaging features. This is
especially true in the sacrum where the entering nerve segment is much shorter and,
therefore, more difficult to characterize the relation of the mass to the parent nerve [2,
7, 11]. The majority of neurofibromas and schwannomas are solitary. However, the
presence of multiple nerve sheath tumors suggests a diagnosis of neurofibromatosis.

Benign peripheral nerve sheath tumors grow along nerve segments and often
cause chronic indolent remodeling of the cortical surfaces of the sacrum. This
growth pattern manifests as expansion of the spinal canal and/or neural foramina
and sclerosis along the margins of the expanded bone (Fig. 4.1). The chronic indo-
lent character of the bone remodeling is best evaluated on CT (Fig. 4.1). Most
benign peripheral nerve sheath tumors in or around the sacrum will present as a soft
tissue mass filling and expanding the associated neural foramen and/or spinal canal
with frequent extension into the presacral soft tissue spaces. They often present with
a dominant presacral component. Long-standing benign schwannomas may reach
huge sizes in the pelvis and often contain areas of cystic degeneration and

Fig. 4.1 AP radiograph (a) and axial CT images (b and c) of the sacrum in a 33-year-old female
with a schwannoma demonstrate a lytic expansile lesion centered upon the right S1 neural fora-
men. Although the lesion is detected on the radiograph (thin arrows), it could easily be confused
with overlying bowel gas. The CT shows the lesion to better advantage and characterizes the
benign nature of the growth pattern with expansion of the bone and a thin peripheral rim of sclero-
sis (thick arrows)
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Fig. 4.2 Axial T1 (a), T2 with fat suppression, (b) and gadolinium-enhanced SPGR (¢) MR
images from the patient illustrated in Fig. 4.1 show typical signal characteristics of a schwannoma
with intermediate signal on T1, heterogeneous predominantly hyperintense signal on T2, and avid
heterogeneous enhancement

calcifications (sometimes referred to as “ancient schwannomas”’). On MRI (Fig. 4.2),
most benign peripheral nerve sheath tumors are intermediate (similar or isointense
to skeletal muscle) on T1 and either homogeneously or heterogeneously hyperin-
tense on T2, sometimes showing a “target sign” with a central hypointense area
within the T2 hyperintense mass [7, 8]. Up to 70% of benign peripheral nerve sheath
tumors will show some degree of heterogeneity on T2 [8]. On post gadolinium
images, these lesions usually enhance avidly, usually homogeneously or with mild
heterogeneity. However, large long-standing schwannomas may show more hetero-
geneity with areas of non-enhancing cystic degeneration.
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Fig. 4.3 Axial CT images of the upper pelvis (a and b) of a 16-year-old female with a malignant
peripheral nerve sheath tumor demonstrate a mass involving the left S1 nerve root with associated
chronic-appearing expansion of the neural foramen (black arrows). The mass is in anatomic conti-
nuity with a large solid heterogeneous presacral soft tissue mass (asterisks). Axial CT of the lower
pelvis (¢) shows that the soft tissue mass extends inferiorly where it fills nearly the entire pelvis
and courses toward the left sciatic notch (curved arrows). Axial T1-weighted MRI (d) shows that
despite the chronic-appearing expansion of the left S1 neural foramen, there is evidence of perme-
ation of the tumor into the adjacent sacral ala (thin arrow)

There is significant overlap in the imaging appearance of benign and malignant
peripheral nerve sheath tumors. Although size alone cannot be used to differenti-
ate benignity from malignancy, MPNSTs are generally larger than their benign
counterparts, with average measurements reported at 10 cm, whereas the average
size of a benign neurofibroma has been reported to be 5 cm [8] (Figs. 4.3 and 4.4).
On CT imaging of MPNSTSs, bony involvement may be more infiltrative with
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Fig. 4.4 Axial (a) and sagittal (c¢) T1-weighted and axial (b) and sagittal (d) T2-weighted MR
images of the patient in Fig. 4.3 with a malignant peripheral nerve sheath tumor illustrate the mas-
sive size of the tumor which fills the entire pelvis (asterisks) and is in anatomic continuity with the
mass involving the S1 nerve root. The mass is markedly heterogeneous with focal areas of internal
necrosis (arrow) and is associated with perilesional edema on the T2-weighted images

irregular margins between the mass and the adjacent bone (Fig. 4.3). However,
more chronic benign-appearing foraminal expansion and cortical remodeling are
often seen in MPNTSs. The presence of chronic bone remodeling and the absence
of infiltration into adjacent bone should not be used to assume benignity. On MRI,
MPNSTs often demonstrate more heterogeneity on all imaging sequences.
Although benign neurogenic tumors may have cystic change and heterogeneity,
dominant areas of intratumoral cystic change and necrosis and a peripheral
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enhancement pattern with or without intratumoral cystic change should raise the
level of suspicion that a neurogenic tumor may be malignant (Fig. 4.4). In addi-
tion, the presence of perilesional edema with feathery areas of increased
T2-weighted signal adjacent to the mass should also raise suspicion of a malignant
mass in the setting of a suspected nerve sheath tumor [7-9]. Pain and rapid growth
are also concerning features.

Benign peripheral nerve sheath tumors are at risk for malignant degeneration,
especially plexiform neurofibromas in patients with neurofibromatosis type 1.
These patients typically have innumerable complex plexiform masses of varying
sizes, and determining which lesions are suspicious for malignant degeneration can
be extremely challenging. Recently, ®FDG PET-CT has been shown to be a prom-
ising imaging tool for identifying tumors that are suspicious for malignant degen-
eration [10, 12]. Full-body imaging can be performed which is particularly
advantageous in patients with neurofibromatosis and multiple masses. Lesions with
higher FDG uptake are considered worrisome for malignant transformation.
Although different threshold standard uptake values (SUV) have been described, in
general, masses with an SUV less than 4 are at low risk for malignancy. Lesions
with an SUV between 4 and 7 are intermediate risk, and an SUV greater than 7 is
highly suspicious for malignant degeneration [10]. In addition, these plexiform
masses are often huge, and PET-CT can be useful for identifying a specific area
within a large mass to target for preoperative image-guided biopsy, decreasing the
chance of sampling error.

4,5.2 Giant Cell Tumors

The majority of giant cell tumors (GCT) of the bone are benign and composed of a
spindle cell stroma with intermixed ovoid mononuclear giant cells that have osteo-
clastic activity [5, 13, 14]. Although usually benign, they can be locally aggressive
and may recur after resection. Approximately 5—10% are malignant, either primary
malignant giant cell tumor of the bone or dedifferentiation within a recurrence [2,
15]. Metastases to the lungs, although rare, may occur with benign tumors [2, 13].
These tumors generally occur in patients in the second through fourth decades of
life, more commonly in females [5]. Giant cell tumor (GCT) of the bone is most
commonly found in the ends of long bones of skeletally mature patients, manifest-
ing as a well-defined eccentrically located lytic lesion, usually without a sclerotic
margin, extending to the subchondral bone of the articular surface. However, 15%
of GCT involve flat bones and up to 7% of cases of GCT have been reported in the
spine. Of the cases occurring in the spine, 90% occur in the sacrum [1, 2, 5, 13, 14].
GCT is the second most common primary bone tumor of the sacrum after chor-
doma. When GCT involves the sacrum, they most commonly occur in the upper
sacrum and often involve both sides of midline but are usually eccentrically located,
lateralizing to one of the sacral alae [1].

In the sacrum, radiographic and CT findings are also of a lytic lesion but may be
more destructive than typically seen in long bones, often destroying the cortex of
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Fig. 4.5 AP radiograph (a), coronal (b) and axial (d) unenhanced bone window, and axial soft
tissue window (¢) CT images show typical imaging features of a giant cell tumor of the sacrum in
a 29-year-old female. The lesion demonstrates a purely lytic pattern of destruction with a periph-
eral rim of sclerosis and a large associated soft tissue mass anteriorly and posteriorly (arrows). The
lesion also crosses the SI joint (asterisk) and involves the adjacent ilium

the sacral neural foramina and frequently extending across the sacroiliac joint
(Fig. 4.5). On CT, these masses are soft tissue attenuation and appear expansile or
purely lytic without any evidence of mineralization. Although there is usually a nar-
row zone of transition without a sclerotic rim as in GCT of the long bones, in the
sacrum, and in the spine, a thin rim of sclerosis may occasionally be seen [13].
Large soft tissue masses may also be present (Fig. 4.5).

On MRI (Fig. 4.6), GCT of the bone usually demonstrate low to intermediate
signal on T1 but may have areas of increased T1 signal associated with intralesional
hemorrhage. On T2-weighted or fluid-sensitive sequences, there may be significant
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Fig. 4.6 Sagittal T1 (a), sagittal T2 (b), and sagittal gadolinium-enhanced SPGR (c) MR images
of the giant cell tumor from patient illustrated in Fig. 4.5 show a large destructive heterogeneous
mass extending from S1 to S4 with a large associated soft tissue mass extending both anteriorly
and posteriorly. The mass is markedly heterogeneous on all of the image sequences with areas of
solid heterogeneous enhancement and scattered foci of fluid signal intensity (asterisk) that could
be due to cystic change or necrosis. Of interest, there are significant areas of low to intermediate
signal on the T2-weighted image in the bone and soft tissue component of the tumor which can be
seen in GCT due to the presence of fibrous tissue and hemosiderin

heterogeneity due to hemorrhage or necrosis, but these tumors frequently have pre-
dominantly low to intermediate T2 signal due to the presence of fibrous compo-
nents and hemosiderin. The low T2 signal may aid in differentiating GCT from
malignant and other benign masses in the sacrum that usually show predominantly
bright T2 signal [13]. However, areas of increased T2 signal are often present as
well due to fluid and cystic changes. Secondary aneurysmal bone cyst formation
occurs in up to 14% of GCT of the bone which may result in prominent areas of
cystic change and extensive fluid—fluid levels [14]. On post contrast CT and MR
imaging, these tumors usually show significant enhancement of the non-cystic
components.

4.5.3 Chordoma and Benign Notochordal Cell Tumors

Chordoma: Chordomas are rare tumors, accounting for 2—4% of all primary malig-
nant bone tumors. However, excluding lymphoproliferative malignancies, it is the
most common primary tumor of the sacrum, accounting for 40% of all primary
sacral neoplasms, including both benign and malignant tumors [1, 13, 16].
Chordomas are malignant neoplasms that develop from remnants of the primitive
notochord. During development, the notochordal tissue is relegated to the interver-
tebral regions to become the nucleus pulposus as the cylinder of notochord tissue
is replaced by cartilage-producing sclerotomes. Vestiges of nonneoplastic noto-
chord tissue are found in up to 2% of cadavers, usually in the midline near the
spheno-occipital synchondrosis and in the sacrococcygeal regions, paralleling the
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Fig. 4.7 Axial soft tissue window CT images of the lower sacrum of a 61-year-old male show
typical imaging features of a chordoma with a lytic destructive lesion in the lower sacrum (aster-
isk) that is centered on the midline, has a large associated exophytic presacral soft tissue mass
(arrows), and contains scattered punctate calcifications (circle)

most common locations for chordomas with 30-35% occurring in the spheno-
occipital region and 50-60% in the sacrococcygeal region. In the sacrum, chordo-
mas are more common in the fourth and fifth sacral segments [1, 2, 13, 16, 17].
Chordomas occur in all age groups but occur most commonly in the fourth to sev-
enth decades of life and are more common in males, with a 2:1 male to female ratio
[2, 17].

Radiographs may reveal a lytic lesion in the sacrum with a soft tissue mass con-
taining calcifications. CT will show a destructive lytic lesion, typically in the mid-
line or paramidline, extending into the sacral spinal with a large lobulated midline
exophytic presacral soft tissue mass (Fig. 4.7) [1, 2, 5, 11, 13]. Internal calcifica-
tions are frequently seen, occurring in approximately 50-70% of cases, with some
series reporting detectable calcifications within the mass in up to 90% of cases on
CT [13, 18-21]. The calcifications can be related to chronic areas of hemorrhage
and necrosis as well as chondroid matrix [1]. The resulting calcifications may be
amorphous, predominantly peripheral or punctate and chondroid in nature, with a
similar appearance to the matrix seen in chondrosarcomas. Chondrosarcomas are
much less common in the sacrum and, in contrast to chordoma, tend to occur eccen-
trically within the sacrum [16].

On MRI, chordomas typically present as a solid mass centered within the mid-
line or paramidline lower sacrum with heterogeneous T1 and T2 signal and vari-
able heterogeneous enhancement [1, 2, 5, 11, 13, 16, 18] (Fig. 4.8). Chordomas
often have evidence of internal hemorrhage which may show areas of high T1
signal within a heterogeneously T1 low and intermediate signal intensity mass.
They often demonstrate prominent lobulated regions of T2 hyperintensity within
the lobulated sacral and presacral soft tissue mass, again with significant
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Fig. 4.8 Sagittal T1 (a), sagittal T2 (b), axial T2 (c), and sagittal gadolinium-enhanced (d) MR
images show a large heterogeneous solid destructive mass involving the majority of the sacrum and
coccyx typical of chordoma (same patient illustrated in Fig. 4.7). The MRI nicely demonstrates
both the intraosseous and extra-osseous extent of the tumor. There are areas of increased signal
within the mass on T1 indicative of intralesional hemorrhage (asterisk), and the mass shows mini-
mal patchy enhancement that reflects the myxoid component of the tumor
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heterogeneity and foci of lower T2 signal related to intralesional hemorrhage and/
or calcifications. Chordomas often cross disk spaces or sacral segments, a charac-
teristic that is more unique and distinctive in the tumors involving the mobile spine
(the spine above the sacrum). When large, chordomas may also cross the sacroiliac
joint [16].

Benign Notochordal Cell Tumors: Benign notochordal cell tumors (BNCTs),
previously referred to as benign chordoma, giant notochord rest, and giant noto-
chord hamartoma, are benign intraosseous lesions of notochord cell origin, initially
described in 1999. These represent a distinct entity from remnant notochord rests
[22-24]. On radiographs, BNCTs are usually occult. Although they may also be
occult on CT, BNCTs typically present as a small midline focus of subtle hazy scle-
rosis without evidence of a destructive osteolytic component (Fig. 4.9). BNCTs are
often discovered incidentally on MRI, where they typically present as a small

Fig. 4.9 Sagittal CT (a) shows a subtle region of hazy sclerosis in the S2 segment. This corre-
sponds with a small nodular mass with predominantly intermediate signal intensity on sagittal
T1-weighted (b) and hyperintense signal intensity on T2-weighted (¢) MR images. Axial
T2-weighted MRI (d) shows that the mass is centered on the midline (thick arrow) and axial
gadolinium-enhanced SPGR MRI (e) shows that there is no enhancement in the mass (circle).
There is subtle stippling of the signal pattern on the MR images that correlates with tiny foci of
intralesional fat. The constellation of imaging findings is typical of a benign notochordal cell
tumor
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intraosseous midline mass with nonspecific intermediate T1 signal, predominantly
hyperintense T2 signal, and no significant enhancement on post gadolinium con-
trast-enhanced images (Fig. 4.9). The margins of the mass are often slightly lobu-
lated. In addition, they may contain tiny foci of bright intralesional fat that can be
identified with careful scrutiny of the TI1-weighted and corresponding fat-sup-
pressed T2-weighted images. This finding is crucial in differentiating BNCT from
chordoma as chordomas should not contain intralesional fat [25]. There have been
reported cases of BNCT with atypical features including a small area of cortical
permeation and a tiny associated soft tissue mass. In these cases, there was absence
of lytic destruction in the bone and there were tiny amounts of intralesional fat sug-
gesting the diagnosis of BNCT. In atypical or equivocal cases as described above,
CT-guided biopsy can be performed to make the diagnosis of a BNCT and avoid
unnecessary surgical resection [25].

4.5.4 Osteoblastoma and Osteoid Osteoma

Osteoblastoma and osteoid osteoma are similar but distinct lesions with different
imaging features and clinical courses [13]. Osteoid osteoma and osteoblastoma are
rare in the sacrum [2, 11].

Osteoblastoma is a rare benign but locally aggressive bone producing primary
bone tumor that constitutes only 1-2% of all primary bone tumors, usually present-
ing in the second decade of life. This tumor has a predilection for the spine with
30—40% of cases occurring in the spine [26, 27]. Of osteoblastomas occurring in the
spine, 7-17% occur in the sacrum [26, 27]. Osteoblastomas in the sacrum usually
occur in the posterior elements of the upper sacrum and can have a varied CT and
radiographic appearance. They range from a round well-defined radiolucent lesion
greater than 1.5 cm with surrounding sclerosis to an expansile lesion with a sclerotic
rim that contains multiple small internal calcifications [13]. They may also present
with more aggressive features as an expansile destructive mass with infiltrative mar-
gins [13]. The calcifications in osteoblastoma are often punctate with chondroid-
like features (Fig. 4.10). The MRI findings are varied and generally nonspecific with
intermediate to low signal on T1-weighted images, heterogeneously hyperintense
T2 signal with varying amounts of intermediate and low T2 signal depending on the
amount of calcified osteoid matrix (Fig. 4.11). However, the hallmark of these
tumors is extensive peritumoral edema, which can make evaluation of margins and
tumor extent difficult. Due to the ability of MRI to exaggerate the overall size of the
process on fluid-sensitive sequences and the nonspecific MR signal characteristics
of the lesion, correlation with CT is imperative to avoid the misdiagnosis of an
osteosarcoma.

Although 10% of osteoid osteomas occur in the spine, only 2% of spinal oste-
oid osteomas occur in the sacrum [2, 11, 13]. They most commonly occur in
males between 10 and 20 years of age. Osteoid osteomas most commonly arise in
the posterior elements of the spine and, when in the sacrum, are most commonly
located in the articular process of S1. On radiographs, they may be occult or
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Fig.4.10 Lateral radiograph of the upper sacrum (a) and sagittal (b), axial (¢), and coronal (d) CT
images of a 17-year-old male with an osteoblastoma show a solid mass with internal calcifications
involving the posterior elements of S1 and S2 (thin arrows) that is associated with expansion of the
bone (thick black arrows) as well as surrounding medullary sclerosis (asterisks)

present as a sclerotic lesion. The lucent nidus is often obscured by the complex
anatomy and overlap that occurs with spinal radiographs. CT is the imaging
modality of choice when the diagnosis of osteoid osteoma is suspected. On CT,
osteoid osteomas usually present as a small radiolucent lesion that by definition is
less than 1.5 cm in diameter. They may contain a central focus of calcification and
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Fig. 4.11 Coronal T1 (a), T2 (¢), and gadolinium-enhanced SPGR (b and d) MR images of the
patient in Fig. 4.10 show typical MR imaging features of an osteoblastoma. The mass has interme-
diate signal intensity on T1-weighted and heterogeneous intermediate and high signal intensity on
T2-weighted images and shows avid enhancement with gadolinium (asterisks). Of interest, the
mass is associated with extensive surrounding bone marrow edema (thin arrows) with is typical of
osteoblastoma

are notorious for inciting exuberant surrounding sclerosis and cortical thickening.
On MRI, detection of the nidus is often difficult due to the extensive surrounding
increased T2 signal in the bone and soft tissues due to edema and inflammatory
change that results in exaggeration of the overall size of the process. When identi-
fied, the tumor is typically low to intermediate on T1 and intermediate to high on
T2-weighted images. The tiny focus of central calcification demonstrates low sig-
nal on all pulse sequences.

4.5.5 Aneurysmal Bone Cyst

Aneurysmal bone cysts (ABCs) are relatively rare benign expansile bone lesions
with blood-filled cystic spaces which, until relatively recently, were thought to
represent a reactive process. However, a neoplastic origin in primary ABC has
been demonstrated with evidence of USP6 gene rearrangement in primary tumors
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[28]. The majority of ABCs are considered primary lesions with no underlying
neoplasm found. When associated with an underlying tumor, as secondary ABC,
giant cell tumor of the bone and chondroblastoma are the most common lesions on
the differential diagnosis. However, they can be associated with other benign and
malignant tumors. Most aneurysmal bone cysts are diagnosed by the age of
20 years with a slightly higher prevalence in females. The spine is involved in
12-30% of cases of ABC. Of spinal cases, 13% occur in the sacrum [5, 13].
Although, usually, the lesion is comprised of blood-filled cystic cavities with thin
vascular septations between the cysts, a “solid variant” has been described and is
more common in the spine. Spinal ABCs may cross the disk space or SI joint, simi-
lar to chordoma and GCT.

On radiographs and CT, ABCs typically present as a well-defined lytic lesion
with varying degrees of expansion and a thin peripheral rim of sclerosis
(Figs. 4.12 and 4.13). CT and MRI imaging generally show multiple cystic
spaces with intervening septations and the distinguishing fluid—fluid levels. The
fluid—fluid levels are a hallmark of ABCs and can be seen with CT or MRI but are
typically more conspicuous on MRI (Fig. 4.13). Significant heterogeneity due to
blood products of varying ages is usually seen with increased T1 signal due to
methemoglobin within either the dependent or nondependent portions. On T2,
there are usually hyperintense areas as well as dark areas, again due to fluid and
blood products. On post contrast CT and MR imaging, there is usually thin
smooth enhancement of the periphery and internal septations. Solid areas of
enhancement may be due to a solid variant of ABC but should raise the possibil-
ity of an underlying neoplasm with secondary ABC. Secondary ABC most com-
monly occurs with benign tumors such as giant cell tumor and chondroblastoma.
Fluid—fluid levels can also be seen in malignant tumors such as telangiectatic
osteosarcoma due to intralesional hemorrhage. Since radiographs provide lim-
ited detail in the sacrum, CT is helpful for distinguishing ABC from GCT or
telangiectatic osteosarcoma, since ABC shows benign expansion of the bone
with preservation of a peripheral shell of the bone, whereas GCT may be associ-
ated with cortical destruction and a soft tissue mass. Telangiectatic osteosarco-
mas almost universally present as an aggressive osteolytic lesion with significant
cortical destruction and soft tissue mass.

4.5.6 Primary Sarcomas of Bone

Chondrosarcoma: Chondrosarcoma of the spine is relatively rare with approxi-
mately 7% occurring in the mobile spine and 5% in the sacrum. The most common
location in the mobile spine is the thoracic region [29-31]. However, excluding
lymphoproliferative malignancies, chondrosarcoma is the second most common
primary malignant bone tumor in the spine and sacrum after chordoma [11]. Men
are affected two to four times more often than women and the mean age at diagnosis
is 45 years [29]. Sacral chondrosarcomas are most commonly located eccentrically
in the upper sacrum.
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Fig. 4.12 Axial CT (a) and sagittal T1-weighted (c) and axial (b) and sagittal (d) T2-weighted
MR images of the sacrum show an aneurysmal bone cyst involving S3 in an 18-year-old male. The
lesion is predominantly lytic and is associated with marked expansion of the anterior cortex, which
is otherwise intact (arrows on CT). The lesion is markedly heterogeneous and contains multiple
rounded areas of varying signal intensity, some of which have fluid signal intensity and others low
signal intensity due to hemosiderin. One of the spaces along the anterior aspect of the mass con-
tains increased T1 signal indicative of subacute hemorrhage (asterisk)
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Fig. 4.13 Axial CT (a), axial T2-weighted (b), and sagittal T2-weighted (¢) MR images of a
13-year-old female show a lytic destructive lesion of the upper sacrum on the left with associated
expansion and an incomplete pathologic fracture in the anterior cortex (thick arrow). The sagittal
T2-weighted MRI shows that the lesion is comprised of multiple small round spaces with scattered
fluid—fluid levels indicative of intralesional hemorrhage (thin arrows). Findings are typical of an
aneurysmal bone cyst

Radiographs and CT typically show a destructive lytic mass with varying
amounts of chondroid matrix (Fig. 4.14). In the spine, the presence of chondroid
matrix can be detected on radiographs in 70% of cases [29]. However, the rate of
detection may be lower in the sacrum where the significant soft tissue overlap and
complex anatomy make it difficult to detect the matrix. CT is the most sensitive
modality for detecting and characterizing the matrix, which demonstrates the typ-
ical punctate or ring and arc pattern of chondroid matrix [5, 29]. Although chor-
domas are the most common primary malignant tumor in the sacrum and often
contain calcifications with chondroid-type features, they have several distinguish-
ing features from chondrosarcoma. Chordomas are typically in the midline and
often in the lower sacrum, whereas chondrosarcomas are typically eccentrically
located and more often in the upper sacrum. Given the eccentric location in the
upper sacrum, they are often in close proximity to the sacroiliac joint and may
cross the joint. Chondrosarcomas in the sacrum and spine are usually low grade
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Fig.4.14 AP radiograph (a), axial CT (b), and coronal CT (c) of a 58-year-old male with a chon-
drosarcoma of the sacrum show a large lytic destructive mass involving the lower sacrum that is
associated with expansion of the bone and a thick peripheral rim of sclerosis. Although the chon-
droid matrix is evident on the radiograph (circle), it is more apparent and better characterized on
the CT. The CT shows that the lesion involves the right SI joint and is associated with soft tissue
extension anteriorly (thick arrows)

and often show some evidence of their indolent nature. There may be some ele-
ment of expansion and/or surrounding reactive sclerosis (Fig. 4.14). A mineral-
ized lobulated soft tissue mass is often present with chondrosarcomas as well as
chordomas, but, again, the location within the sacrum and pelvis may help dif-
ferentiate the two. If there is a large soft tissue mass associated with a cartilage
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tumor of the sacrum without any detectable mineralized matrix, the question of
dedifferentiated chondrosarcoma should be raised [32].

On MRYI, sacral chondrosarcomas tend to show imaging characteristics typical of
cartilage neoplasms elsewhere in the skeleton with intermediate to low T1 signal
and lobulated markedly T2 hyperintense signal within both the destructive sacral
mass and associated soft tissue mass (Fig. 4.15). There are usually foci of hypoin-
tense T1- and T2-weighted signal corresponding to the punctate chondroid calcifi-
cations [32, 33]. The pattern of enhancement on post gadolinium images can be

Fig.4.15 Coronal T1 (a), coronal T2 (b), axial T2 (c), and axial gadolinium-enhanced SPGR (d)
MR images of the patient in Fig. 4.14 show typical MR imaging features of a chondrosarcoma
with lobulated morphology, associated with expansion of the bone and hyperintense signal on
T2-weighted images. The peripheral rim of enhancement with scattered nodularity (black arrow)
and minimal internal enhancement (asterisk) corresponds with myxoid change that is typically
seen in chondrosarcomas
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instrumental in making the diagnosis of chondrosarcoma. They typically show areas
of peripheral or peripheral nodular enhancement, scattered foci of punctate enhance-
ment, and central areas of non-enhancement due to myxoid change (Fig. 4.15).
More dominant solid areas of enhancement may also be seen [32, 33].
Osteosarcoma: Of 4887 cases of primary osteosarcoma (not occurring secondary
to radiation or Paget disease) seen at the Mayo Clinic between 1915 and 2001, 4%
occurred in the spine. Of these spinal cases, 21% occurred in the sacrum. Although
rare, osteosarcoma is the fifth most common malignant primary bone tumor of the
sacrum [1]. Although osteosarcoma can occur in all age groups, compared to osteo-
sarcoma in the appendicular skeleton, the average age of patients with spinal osteo-
sarcomas is slightly higher with an average age of 35 years [1, 34]. Secondary
osteosarcomas typically occur in older patients and are related to malignant trans-
formation of Paget disease of the bone or are radiation-induced sarcomas occurring
5-20 years following pelvic radiation [5, 35]. In the case of Paget disease, the aver-
age patient’s age is 66 years but has been reported in patients in their fourth through
ninth decades of life. Virtually all osteosarcomas of the sacrum involve the sacral
ala and body. Osteoblastic osteosarcoma is by the far the most common subtype
with chondroblastic osteosarcoma being the second most common subtype.
Approximately 80% of cases show matrix mineralization on radiographs and/or
CT, often marked or dense with an amorphous pattern typical of osteoid matrix
production (Fig. 4.16). Although these typically present as a destructive lesion with
associated soft tissue mass and mineralized matrix, they are occasionally confined
to the bone. When they are located within the posterior elements of the upper

Fig. 4.16 AP radiograph (a) and axial CT (b) of a 68-year-old male show a densely sclerotic
lesion in the upper sacrum on the left that has an associated mineralized soft tissue mass anteriorly
(thick arrow). Although the mass is evident of the radiograph as an area of increased density (thin
arrows), it is better defined and characterized as a mineralized mass with osteoid matrix on the CT
where the imaging features are typical of an osteosarcoma
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Fig.4.17 Axial T1 (a), axial T2 (b), and axial gadolinium-enhanced SPGR (¢) MR images of the
patient in Fig. 4.16 show that both the intra- and extra-osseous portions of the osteosarcoma dem-
onstrate predominantly low signal intensity on T1- and T2-weighted images (thin arrows) and
show minimal internal enhancement with a margin of peripheral enhancement (thick arrows) typi-
cal of a heavily mineralized osteosarcoma

sacrum, they may mimic an osteoblastoma. In some cases, they can also mimic an
osteoblastic metastasis. It has been reported that up to 20% of cases occurring in the
spine will show a purely lytic pattern. A lytic pattern may occur with any subtype
but occurs in the majority of telangiectatic and fibroblastic subtypes [1, 5, 13, 34].
Although the chondroblastic subtype may mimic a chondrosarcoma, usually at least
a component of osteoid matrix can be identified within the tumor to suggest the cor-
rect diagnosis [36].

On MRI, lesions with large amounts of dense amorphous osteoid matrix will be
predominantly dark on all imaging sequences (Fig. 4.17). Consequently, they may
be relatively inconspicuous on T2-weighted images compared to other bone tumors
in the sacrum, which are typically hyperintense on T2-weighted images. These
cases may only show mild to moderate enhancement, usually greatest along the
periphery of the densely mineralized areas of the tumor (Fig. 4.17). The purely lytic
or less densely mineralized masses will show more typical nonspecific signal pat-
terns with intermediate or a combination of intermediate and dark signal on T1 and
bright or a combination of bright and dark signal on T2, with the areas of lower T1
and T2 signal correlating with the areas of heavy mineralization.

Ewing’s Sarcoma: Ewing’s sarcoma is an aggressive malignant round cell tumor.
Only 3-10% of primary Ewing’s sarcomas occur in the spine. However, Ewing’s
sarcoma is the most common primary malignant tumor of the spine in children,
most commonly occurring in the sacrococcygeal region and usually in the first two
decades of life [1, 13]. Like osteosarcoma, Ewing’s sarcoma should be included on
the differential diagnosis for a malignant-appearing destructive mass in the sacrum
in younger patients. Ewing’s sarcoma typically occurs in younger patients than
osteosarcoma since osteosarcoma in the spine tends to occur in a slightly older
population than primary osteosarcoma elsewhere in the skeleton.

The imaging features of Ewing’s sarcoma are generally nonspecific with bony
destruction and lucency on radiographs and CT, often showing a large enhancing non-
mineralized soft tissue mass on cross-sectional imaging studies. However, up to 38%
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of all cases of Ewing’s sarcoma may show prominent sclerosis, usually intermixed
with lytic areas. This bony sclerosis correlates with osteonecrosis pathologically. In
the spine, sclerosis is even more common, reported in up to 69% of spinal lesions [37].
On MR, the lytic destructive portions of the mass and any soft tissue mass are usually
hyperintense on T2 and intermediate on T1. Areas of sclerosis on radiographs or CT
will often correlate with areas of dark signal on both T1- and T2-weighted images.

4.5.7 Metastases, Myeloma, and Lymphoma

Metastases: Metastases are the most common sacral neoplasm. Lung, breast, kid-
ney, and prostate cancer are the most frequent metastases encountered. Lytic metas-
tases are the most common and may be caused by lung, breast, thyroid, kidney, or
colon cancer in adults or neuroblastoma in children. Breast and prostate metastases
are the most common causes of osteoblastic metastases and may be sclerotic or
mixed lytic and sclerotic. However, lymphoma, carcinoid tumors, mucinous adeno-
carcinomas of the gastrointestinal tract, pancreatic adenocarcinoma, and bladder
carcinoma may cause sclerotic skeletal metastases in adults. Neuroblastoma and
medulloblastoma are the most common causes of sclerotic metastases in children.
The presence of multiple lesions in the sacrum and throughout the remainder of the
pelvis should suggest the diagnosis of metastases (or myeloma) (Fig. 4.18), but
occasionally, a metastatic lesion may be solitary, mimicking a primary bone tumor
(Fig. 4.19). In addition to hematogenous spread of disease, direct anatomic exten-
sion from adjacent pelvic tumors into the sacrum can occur with carcinomas of the
rectum, uterus, prostate, and bladder [2, 5].

Fig. 4.18 AP radiograph of the pelvis (a) and coronal CT of the abdomen and pelvis (b) of a
71-year-old male with metastatic adenocarcinoma of the prostate reveal innumerable osteoblastic
lesions involving nearly all of the visualized bones, including the sacrum, typical of skeletal
metastases
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Fig. 4.19 Axial CT (a) and sagittal T2-weighted MRI (b) of a 65-year-old female show a solid
heterogeneous destructive lesion involving S1. The mass has nonspecific imaging features with
differential diagnostic possibilities including a metastasis, chordoma, multiple myeloma, or pri-
mary sarcoma. The biopsy revealed a solitary skeletal metastasis due to metastatic adenocarci-
noma of the breast

Multiple Myeloma: Multiple myeloma is due to a neoplastic clonal proliferation
of plasma cells and is the second most common primary malignant neoplasm of the
sacrum. Multiple myeloma peaks in the sixth and seventh decades of life and lesions
are most common in areas that produce hematopoietic marrow in adults [1]. Solitary
plasmacytomas are due to focal proliferation of malignant plasma cells without the
diffuse involvement present in multiple myeloma. Plasmacytoma, an uncommon
tumor occurring in 3—7% of patients with plasma cell neoplasms, is typically con-
sidered to represent an early stage of multiple myeloma. It often presents a decade
or two earlier than the diffuse form of the disease.

Plasmacytoma and multiple myeloma most commonly produce lytic, destructive
lesions that may have an expansile component (Fig. 4.20). Multiple myeloma typi-
cally presents with multiple small round lytic lesions in the cancellous bone, with-
out sclerotic margins, which results in a so-called “punched-out” appearance.
Plasmacytomas also preferentially replace cancellous bone and present as lytic
lesions with relative preservation of the cortex but are often associated with some
degree of expansion of the bone. In about one-third of cases, plasmacytomas present
as multilobulated lesions with a bubbly lytic appearance with coarsened intervening
septations or trabeculae and may simulate a hemangioma. On MRI, the signal char-
acteristics are usually nonspecific with intermediate T1 signal, hyperintense T2 sig-
nal, and homogeneous enhancement on post gadolinium images (Fig. 4.20) [1, 2, 5].

Lymphoma: The majority of osseous lymphoma is secondary and due to late
hematogenous metastatic dissemination of nodal lymphoma, usually non-Hodgkin
lymphoma or, less commonly, osseous invasion from adjacent lymph nodes. Primary
lymphoma of the bone, however, is a rare round cell tumor that represents an
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Fig.4.20 Axial T1 (a), axial T2 (b), coronal T2 (¢) MR images and coronal CT (d) of a 74-year-
old male show a purely lytic destructive lesion involving the mid and upper sacrum on the left
(asterisk) that crosses the SI joint to involve the adjacent ilium (thick arrows) and is associated
with a pathologic fracture (curved arrow). Although the lesion has nonspecific signal characteris-
tics on the MRI, there are innumerable additional small lesions scattered throughout all of the
visualized bones (thin arrows). Findings are typical of multiple myeloma

extranodal manifestation of the lymph node counterpart of non-Hodgkin lymphoma.
It accounts for only 1-3% of all lymphomas. Primary lymphoma of the bone is most
common in the fifth to seventh decades of life with a strong 6:1 male to female pre-
dilection [5, 38]. Primary lymphoma of the bone has a better prognosis than second-
ary osseous involvement [38].

The pattern of destruction of primary lymphoma of the bone is variable. The lytic
destructive pattern is most common, reported in 70% of cases. The lytic pattern may
be permeative (or moth eaten) with multiple elongated ill-defined lucencies or may
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manifest as an area of either poorly marginated or well-defined osteolysis. The
mixed lytic and sclerotic pattern is the next most common appearance. Although
possible, purely sclerotic lesions are the least common pattern of bone destruction
in primary lymphoma of the bone [38]. Lymphomatous lesions are typically readily
detected with cross-sectional imaging. However, radiographic findings and, in some
cases, CT findings are often quite subtle. Although a destructive lesion may be seen
on conventional radiographs or CT, one of the unique features of lymphoma is that
the degree of bone marrow replacement on MR imaging is often markedly out of
proportion to the radiographic and/or CT findings and this may be a key feature for
suggesting the diagnosis and distinguishing lymphoma from other bone tumors
(Fig. 4.21). In addition, this tumor has a propensity for extending into soft tissues

Fig. 4.21 Coronal T1 (a), coronal T2 (b), and axial T2 (¢) MR images and axial CT (d) of a
57-year-old female with non-Hodgkin lymphoma show a large infiltrative mass involving nearly
the entire right hemisacrum with an associated soft tissue mass anteriorly and posteriorly (thick
arrows). The mass encases all of the right sacral nerve roots in their foramina. Of interest, the
destructive findings are not as great as expected for the extent of involvement on the MRI with rela-
tive preservation of the definition of the foramina, sacral struts, and spinal canal. The discrepancy
of MRI findings out of proportion to findings on radiographs or CT is typical of lymphoma.
Additionally, there are a multiple small but numerous lymph nodes that could provide an additional
clue to the diagnosis (thin arrows)
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often while leaving the intervening cortex intact [1]. The imaging findings are oth-
erwise nonspecific with lytic destruction on radiographs and CT. MR signal charac-
teristics are nonspecific with intermediate T1 signal, bright T2 signal, and
homogeneous enhancement on post contrast images (Fig. 4.21).

4.5.8 Meningocele and Tarlov Cyst

Sacral Meningoceles: Sacral meningoceles should be included on the differential
for an expansile sacral and presacral soft tissue mass. Meningoceles are due to an
anterior or posterior defect in the vertebral column with herniation of the CSF-filled
meninges through the defect. Posterior meningoceles are more common, and the
spectrum of disease includes myeloceles, myelomeningoceles, and lipomyelo-
meningoceles. Posterior meningoceles are often associated with a tethered cord.
These are typically clinically apparent in the early postnatal period or may be
detected on prenatal ultrasound. Anterior meningoceles may be asymptomatic and
may be found incidentally on imaging studies performed from other reasons.
However, 80% of anterior meningoceles are present in childhood with symptoms
related to pressure on pelvic contents, such as chronic constipation or urinary prob-
lems. Neurologic deficits are rare [39, 40].

Anterior sacral meningoceles may be associated with congenital sacral abnor-
malities. On conventional radiographs, sacral agenesis may be seen or a chronic
crescentic-shaped defect of one side of the sacrum related to hemisacral agenesis [2,
39]. On CT, the chronic underlying sacral abnormality should be apparent with a
low-density soft tissue mass related to the CSF-filled herniated meninges. Chronic
extrinsic erosive changes are commonly seen in the area of the sacral defect related
to pressure changes and may be mistaken for a destructive sacral mass. However,
careful evaluation of the CT and radiographic findings and correlation with MRI
should demonstrate the underlying sacral abnormality and the purely cystic nature
of the mass with a connection to the dural sac.

Tarlov Cysts: Tarlov cysts, also known as perineural cysts, meningeal cysts, and
arachnoid cysts, are common and very often seen on cross-sectional imaging studies
of the lumbar spine, sacrum, and pelvis. They have been reported to be present in
5% of patients undergoing MRI of the lumbar spine [2]. These cysts are related to
dilatations of the meninges within the sacral canal or neural foramen and communi-
cate freely with the subarachnoid space. These cysts are frequently associated with
chronic expansion and remodeling of the sacral spinal canal and/or involved sacral
neural foramen. CT shows chronic widening of the sacral spinal canal or neural
foramen with low-density fluid within the cyst. MRI is helpful for confirming the
relationship of the cyst to the sacral nerve roots. On MRI, they present as a well-
circumscribed homogeneous mass with signal intensity isointense with CSF on all
pulse sequences and a variable degree of expansion of the spinal canal or neural
foramen (Fig. 4.22).
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Fig.4.22 Axial CT (a) and axial T2 (b) and axial gadolinium-enhanced (c¢) and sagittal T2 (d) MR
images of the sacrum show typical imaging features of a Tarlov cyst presenting as a lesion with
fluid signal intensity and associated expansion of the spinal canal. The mass is hypodense on CT
and shows homogeneous high signal intensity on T2 and no central enhancement with gadolinium
(asterisk). These findings are characteristic of a cyst with signal intensity isointense with CSF on
all pulse sequences

4.5.9 Tumor Simulators

Some benign nonneoplastic processes have imaging features that simulate tumors in
the sacrum. The more common tumor simulators in the sacrum include red marrow
hyperplasia, insufficiency-type stress fractures, and Paget disease. It is important to
be familiar with the imaging findings in these benign processes in order to avoid
unnecessary biopsy and patient anxiety.
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Paget Disease: Paget disease is a chronic metabolic disorder of abnormal bone
remodeling in adults, usually in patients greater than 40 years of age. Paget disease
may involve the sacrum, but when it does, it usually occurs in the setting of polyostotic
disease [2]. However, monostotic cases involving the sacrum have been reported [41,
42]. Paget disease may simulate a lytic and/or sclerotic primary bone tumor or metas-
tasis. However, Paget disease has characteristic imaging findings that should enable an
accurate diagnosis to be made based upon imaging, obviating the need for biopsy.

On radiographs and CT, the imaging findings vary according to the stage of dis-
ease. In the early phase, lytic changes are observed related to osteoclastic activity
and intense bone resorption [43]. This is followed by a mixed lytic and sclerotic
phase reflecting mixed osteoclastic and osteoblastic activity that results in abnormal
bone remodeling. Finally, the last phase is the late inactive or osteoblastic phase,
where there are diffuse sclerotic changes.

The lytic and mixed lytic and sclerotic phases have a very characteristic appear-
ance in the long bones with a well-circumscribed area of lucency along the advanc-
ing edge of the process described as having a “blade-of-grass” appearance. This
finding is seen in association with the typical features of Paget disease, including
thickening of the cortex, coarsening of the trabecular pattern, and enlargement of
the bone. In the sacrum, these characteristic features can be more difficult to dis-
cern, but similar changes in the innominate bone or proximal femur may be helpful
for making the diagnosis [43].

During the late or sclerotic phase, radiographs and CT will show progression of
diffuse enlargement of the entire sacrum and any other affected pelvic bones as well
as progression of cortical thickening and trabecular coarsening (Figs. 4.23 and 4.24).
In the sacrum, the cortical thickening may preferentially affect the neural foramina
and the lateral cortices adjacent to the sacroiliac joints [2]. Because of the previously
noted limitations of radiographs in evaluating the pelvis and sacrum, CT is advanta-
geous and considered as the modality of choice for visualizing and characterizing the
pathognomonic changes of Paget disease (Fig. 4.23). In addition to the previously
described features, CT is also helpful for demonstrating preservation of the marrow
fat with Paget disease. The latter finding is more apparent on the soft tissue window
settings and is a helpful feature for distinguishing Paget disease from tumor on CT.

On MRI, findings in Paget disease may be easily confused with a variety of benign
and malignant bone tumors, especially in the lytic and mixed lytic and sclerotic
phases when there may be nonspecific increased T2 signal and mild diffuse enhance-
ment on post gadolinium images (Fig. 4.24). The sclerotic phase may have a more
characteristic appearance with low T1 and T2 signal changes in the areas of cortical
thickening and trabecular coarsening. The hallmark for distinguishing between Paget
disease and all tumors is the relative preservation of the marrow fat signal on the
T1-weighted images in Paget disease. The MRI findings should also be correlated
with conventional radiographs and/or CT to confirm the diagnosis [2, 5, 43].

Sarcomatous transformation is one of the known complications of Paget disease
of the bone. The rate of malignant transformation is dependent on the extent of
skeletal involvement with Paget disease. In patients with widespread Paget disease,
the rate of sarcoma has been reported in up to 5-10% of cases. In patients with less
extensive or monostotic involvement, the rate is less than 1% [43, 44]. Osteosarcoma
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Fig. 4.23 AP radiograph of the pelvis (a), and sagittal bone window (b), axial bone window (c),
and axial soft tissue window (d) CT images of an 85-year-old female with Paget disease of the
sacrum. The findings are subtle on the radiographs but there is evidence of cortical thickening of
the sacral struts (thin arrows). The CT images show typical findings of Paget disease with cortical
thickening (thick arrows), coarsening of the trabecular pattern, enlargement of the bone, and pres-
ervation of the marrow fat density throughout the sacrum (asterisks)

is the most common tumor that arises, comprising 50-70% of cases. These tumors
typically present as malignant-appearing destructive lesions within the pagetic
bone, often with associated cortical destruction and a soft tissue mass [44]. In the
case of degeneration to osteosarcoma, osteoid matrix may be identified within the
destructive lesion to suggest the diagnosis.

Sacral Insufficiency-Type Stress Fractures: Sacral insufficiency-type stress frac-
tures may occur secondary to osteoporosis or sequela of radiation therapy and have
been increasingly recognized over the last several decades [2, 45, 46]. The findings
may be very subtle or occult on radiographs but may show a linear vertical lucency or
band of sclerosis involving the sacral ala on radiographs and/or CT. However, occa-
sionally the sclerosis and reactive changes may simulate a sclerotic tumor, either pri-
mary or metastatic. Findings may be more difficult to interpret in the setting of
radiation osteitis. However, CT is sensitive for the detection of the fracture demon-
strating the characteristic linear sclerosis or lucent fracture line that parallels the SI
joint (Fig. 4.25). The fractures are associated with a variable degree of surrounding
sclerosis depending upon the age of the fracture. Additional insufficiency-type stress
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Fig.4.24 AP radiograph of the lumbar spine and sacrum (a), axial CT (b) and sagittal T1 (c), fat-
suppressed T2 (d), and gadolinium-enhanced SPGR (e) MR images of L5 and upper sacrum of a
71-year-old male with typical findings of Paget disease of L3, L5, and the sacrum. The radiographs
and CT show enlargement of the bone with cortical thickening and coarsening of the trabecular
pattern. The MRI shows patchy increased T2 signal and enhancement in the visualized portion of
the sacrum (asterisks). The T1-weighted images show complete preservation of the marrow fat
signal (asterisk), which is typical of Paget disease and aids in distinguishing it from neoplasm

fractures are often identified in the bones of the pelvis, most often in the contralateral
sacral ala or the pubic bone. Unilateral and bilateral sacral insufficiency fractures have
been reported at equal frequency in the literature. When bilateral in the sacral ala,
there may be a horizontal component through the sacral body, resulting in an H-shape
pattern [45—47]. Insufficiency-type stress fractures can also occur in the iliac bones
and are more common when there is a history of prior pelvic radiation [45]. With
insufficiency-type stress fractures, there should not be evidence of an underlying
destructive bone lesion or soft tissue mass.

On MRI, insufficiency-type stress fractures present with extensive bone mar-
row edema in the sacral ala, with a poorly marginated region of increased T2
signal (Fig. 4.25). The T2 signal abnormality may have a band-like morphology
but is usually out of proportion to the degree of abnormal signal on T1-weighted
images. The decreased T1 signal is typically patchy and poorly defined without
evidence of focal geographic marrow replacement (Fig. 4.25). The discrepancy
between the findings on T1- and T2-weighted images is typical of bone marrow
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Fig.4.25 Axial T1 (a), axial T2 (b), and coronal T2 (¢) MR images of the mid and upper sacrum
of an 80-year-old female with history of breast cancer show a large region of abnormal increased
T2 signal in the right sacral ala (circle). The corresponding T1-weighted image shows hazy diffuse
decreased signal but does not show areas of confluent focal marrow fat replacement. This pattern
is indicative of bone marrow edema and should suggest an insufficiency-type stress fracture.
Although the vertically oriented fracture that parallels the SI joint is more evident on the coronal
CT (d, white arrows), there was evidence of a fracture involving the anterior cortex on the MRI
(thick arrow). The CT (d) was obtained 5 days following the MRI and also showed a new stress
fracture of the left sacral ala (black arrow)

edema and should provide a clue to suggesting the diagnosis of fracture rather
than tumor. The hypointense linear fracture line may be identified as on either the
T1- or T2-weighted images [2, 48]. When MR images are carefully scrutinized,
the fracture line is identified in 94% of cases. Although MRI is more sensitive for
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the detection of sacral insufficiency fractures, if the fracture line is not identified
on MRI and the diagnosis remains in question, CT may be helpful for demonstrat-
ing the fracture line as demonstrated by the arrows in the coronal CT (d).
Hematomas are only rarely associated with insufficiency fractures [48]. If a soft
tissue mass is present in conjunction with the sacral fracture, it should not be
assumed to be a hematoma, and suspicion for a pathologic fracture should increase.

Red Marrow Hyperplasia: At birth, nearly all bone marrow is comprised of
hematopoietically active red marrow. Conversion to hematopoietically inactive yel-
low marrow occurs in a predictable pattern with conversion usually completed by
age 25. However, red marrow remains relatively concentrated in the axial and proxi-
mal appendicular skeleton throughout adulthood, including within the pelvis and
sacrum [49]. The imaging appearance of bone marrow in the pelvis and sacrum of
adult patients is variable. It may be comprised entirely of fatty yellow marrow or
entirely of red marrow or have a heterogeneous appearance with patchy areas of red
and yellow marrow scattered throughout the pelvis and sacrum. In general, the
amount of yellow marrow involving the bones of the pelvis progresses with age,
with elderly patients frequently demonstrating only fat signal intensity in their bone
marrow.

A focal area of red marrow within the sacrum or the patchy heterogeneous pat-
tern may be confused with a focal mass or masses (in the case of patchy red mar-
row). Although extensive red marrow reconversion in an elderly patient may be a
sign of an underlying chronic illness such as anemia, the red marrow itself is benign,
and biopsy should be unnecessary in most cases.

Bone marrow patterns are not visible on conventional radiographs and, therefore,
only appreciated on CT or MRI. On CT, red marrow presents as hazy areas of mildly
increased density compared to adjacent hypodense fatty yellow marrow and should
not be associated with bone destruction. However, on MRI, focal or multifocal
patchy red marrow is readily identified and more often a diagnostic dilemma than
on other modalities.

Because yellow marrow is composed predominantly of fat, it has signal intensity
isointense with fat on all imaging sequences [4, 49]. Although red marrow contains
fat, it also contains hematopoietic elements responsible for the production of red
blood cells, white blood cells and platelets that affect its signal intensity. Red mar-
row tends to have intermediate signal intensity on T1-weighted images (darker than
fat but usually brighter than intervertebral disk or skeletal muscle), resulting in a
hazy decrease in marrow fat signal on T1-weighted images [4]. On fluid-sensitive
sequences, red marrow usually demonstrates minimal T2 signal abnormality, usu-
ally only minimally brighter than the adjacent fatty bone marrow [50]. Red marrow
typically shows mild enhancement with gadolinium.

It is usually possible to distinguish the hazy decrease in T1 signal related to red
marrow involving the bones of the pelvis in adult patients from benign and malig-
nant tumors. The red marrow results in a hazy gray pattern on T1-weighted images,
in contrast to tumors that show confluent areas of focal replacement that have low
to intermediate signal intensity (dark or darker than skeletal muscle). However, in
challenging cases, chemical shift imaging can be helpful for distinguishing red mar-
row from neoplasm [3].
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Chemical shift imaging, commonly referred to as “in-phase and opposed-phase”
imaging, is useful for detecting microscopic fat as is the case with decreased T1
signal due to either red marrow or edema. When both fat and water are present
within the same imaging voxel, the signal will be lower or darker on the opposed-
phase images compared to the in-phase images. This finding is helpful for confirm-
ing the presence of microscopic fat and suggesting benign red marrow rather than a
marrow-replacing tumor [51]. This sequence can be performed for problem solving
when red marrow is suspected but cannot be confirmed definitively with conven-
tional T1-weighted imaging. The diagnosis of focal or diffuse red marrow can be
made and unnecessary biopsy avoided for a T2 isointense or mildly hyperintense
enhancing focus within the bone marrow of the sacrum that shows signal dropout on
the opposed-phase images (compared to in-phase images) (Fig. 4.26).

Fig. 4.26 Axial (a) and coronal (b) T1-weighted MR images of the pelvis in a 31-year-old male
with back and pelvic pain demonstrate diffuse decrease in signal intensity in the sacrum and
innominate bones (arrows) with marked decrease in the expected quantity of yellow marrow fat
signal for a patient of this age. There was a small focus of preserved fat signal in the left sacral ala
(circle). Axial dual gradient echo in-phase (¢) and opposed-phase (d) MR images show marked
diffuse signal dropout (asterisks) indicative of significant intravoxel fat. The confirmation of the
presence of fat confirms the diagnosis of red marrow hyperplasia and excludes the possibility of
marrow-infiltrating neoplasm such as leukemia, lymphoma, or diffuse metastatic disease
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Conclusion

In conclusion, there is a broad spectrum of pathology involving the sacrum rang-
ing from benign and malignant processes to tumor simulators. The imaging
workup for a patient with a known or suspected tumor or abnormality involving
the sacrum is variable but should always begin with a conventional radiograph.
In some cases, the radiographs are diagnostic. However, given the complexity of
the anatomy of the bones of the pelvis, further imaging with CT and/or MRI is
often required for optimal characterization. In some cases, the constellation of
imaging findings are diagnostic, and unnecessary patient anxiety and biopsy can
be avoided. In other cases, the lesions have indeterminate imaging features and
biopsy is required for definitive diagnosis. The information provided in this
chapter will serve as a helpful guide for either making the diagnosis or formulat-
ing an appropriate differential diagnosis for tumors involving the sacrum, based
on a combination of the imaging findings along with pertinent clinical informa-
tion, including the patient’s age, gender, and any known syndromes. Being famil-
iar with the advantages and disadvantages of the available imaging tools along
with the expected findings associated with the spectrum of pathology plays a
critical role in guiding management of these patients and ultimately in providing
optimal patient care.
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Imaging of Sacral Tumors: Experience
of the Rizzoli Institute

Alessandra Bartoloni, Alberto Bazzocchi, and Daniel Vanel

5.1 Introduction

The sacrum is composed of bone, cartilage, and bone marrow as well as notochord
remnants. Malignant bone tumors can arise from any of these components.

The sacrum, which contains hematopoietic bone marrow, is a common site of metas-
tases and hematological malignancies such as myeloma, lymphoma, or plasmacytoma.
Metastases are the most common malignancies of this region.

Chordoma is the most common primary malignant bone tumor of the sacrum.
Primary sarcomas of the sacrum are rare and include chondrosarcoma, Ewing
Sarcoma, and osteosarcoma, in order of decreasing incidence [1].

Benign sacral bone tumors include giant cell tumors (GCT), aneurysmal bone
cyst, osteoid osteoma, osteoblastoma.

5.2  Primary and Secondary Malignant Bone Tumors
5.2.1 Metastases

Metastases from lung, breast, kidney, prostate, head and neck, gastrointestinal, or
skin (melanoma) cancers are the most common malignancies of the sacrum.
Metastases are usually osteolytic, or more rarely osteoblastic (prostate, breast). In
the case of multiple sacral and spinal lesions, a diagnosis of metastatic disease or
multiple myeloma is first suggested.

A. Bartoloni, M.D. * A. Bazzocchi, M.D.
Diagnostic and Interventional Radiology, Istituto Ortopedico Rizzoli, Bologna, Italy
e-mail: abazzo @inwind.it

D. Vanel, M.D. (04)
Department of Pathology, Istituto Ortopedico Rizzoli, Bologna, Italy
e-mail: vanel.daniel @yahoo.fr

© Springer International Publishing AG 2017 65
P. Ruggieri et al. (eds.), Tumors of the Sacrum,
DOI 10.1007/978-3-319-51202-0_5


mailto:abazzo@inwind.it
mailto:vanel.daniel@yahoo.fr

66 A. Bartoloni et al.

5.2.2 Sacral Involvement of Multiple Myeloma
and Plasmacytoma

Patients with multiple myeloma are usually >60 years at presentation. CT usually
shows an osteolytic lesion without a peripheral rim of sclerosis with a “soap bubble”
appearance sometimes associated with a space-occupying lesion [2]. Plasmacytoma
[3] is a focal, isolated, proliferation of malignant plasma cells and is considered to
be often an early stage of multiple myeloma. It appears as an osteolytic, space-
occupying lesion, generally larger than multiple myeloma lesions. The remaining
bone trabeculae are thick. On MRI, a Plasmacytoma is hypointense on T1-w images,
hyperintense on T2-w images, and enhances avidly post-contrast. PET/CT or whole
body MRI can help in the diagnosis of multiple myeloma.

5.2.3 BonelLymphoma

Bone lymphoma can be either primary or associated with lymph node and visceral
involvement. It usually manifests after the age of 10 years, but can occur at any age
with a male predominance.

Bone lymphoma is an aggressive lesion associated with extensive moth-eaten
osteolysis, inconstant reactive sclerosis, and soft tissues invasion.

Radiographic and CT findings are often absent or a permeative lesion without
cortical disruption can be present. At MRI, bone marrow involvement appears as a
well-delineated T1-w hypointense and T2-w hyperintense area with intense contrast
enhancement [4, 5].

Discrepancy between massive bone marrow invasion at MRI and normal radiogra-
phy, a large soft tissue mass with no visible cortical lesion at CT and an increased uptake
on scintigraphy, are all suggestive signs of bone lymphoma, although nonspecific [6].

5.2.4 Chordoma

Chordoma is the most common primary tumor of the sacrum, representing 40% of
all sacral tumors and one half of all malignant bone tumors.

It is more common in individuals aged 40-70 with a peak in the fifth decade and
a strong male predominance [7]. Chordomas derive from notochordal remnants, and
they involve the sacrococcygeal region in 50-60% of cases and the clivus or spheno-
occipital region in 30-35% of cases [8]. It is a malignant tumor essentially due to
local invasion. Metastatic disease is uncommon, but secondary sites may be observed.

Sacral chordoma usually arises from the third, fourth, or fifth vertebra as a large
osteolytic lesion in the midline or in a paramedian location associated with a soft
tissue mass, usually anterior [9].

CT shows a well-defined osteolytic lesion without any sclerotic rim, but some-
times associated with bulging of the cortex. Internal calcifications are demonstrated
in 50-60% of sacral chordomas. In >50% of cases, there are areas of low attenuation
within the mass reflecting the myxoid matrix of the tissue. A fibrous pseudocapsula
may be present [10].
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When there is an extra-osseous involvement, sacral chordomas can extend
upward into the sacral canal or anteriorly in the presacral space, (‘“dumbbell shape”
appearance).

An extension to the sacro-iliac joint or intervertebral disc may be present
although this is not typical for sacral chordoma.

At MRI, the classical feature of sacral chordoma is the high signal intensity on
T2-weighted images, reflecting the abundant mucoid matrix of the tumor, similar to
that of the nucleus pulposus. On T1-w images, chordomas show an iso-hypointense
signal with moderate contrast enhancement (Fig. 5.1). Hyperintense foci can be
seen on T1-w images representing areas of hemorrhage or mucoid material.

Fig.5.1 Sacral chordoma in a 55-year-old woman. (a, b) Axial and sagittal CT scan. Large osteo-
Iytic lesion arising in the midline from the lower sacrum. The mass shows low attenuation and
some internal calcifications. (¢) Sagittal T1-w MRI, (d) oblique coronal T-2 weighted MRI: the
lesion has a low signal intensity on T1-w images and a high signal intensity on T2-w images; it
extends in the spinal canal and in the presacral space
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Septations can be present and appear as hypointense on T2-w images. Small foci
of low signal intensity on T2-w images can represent hemosiderin deposits from
previous hemorrhage [11].

The main differential diagnosis of sacral chordoma include chondrosarcoma,
benign notochordal cell tumor (BNCT), giant cell tumor, Plasmacytoma, myxopap-
illary ependymoma, and metastases.

The characteristic signs in favor of chordoma are its usually midline position,
situated very low in the sacrum (S3 to S5) and extended upward in the sacral canal.

Chondrosarcoma constitutes the major differential diagnosis, especially in the
presence of tumor calcifications, often observed in chondroid chordomas. The
location (chondrosarcoma arise off midline, from the sacro-iliac cartilage), a het-
erogeneous signal intensity on T2-w images, the lack of areas of hemorrhage
within the tumor, and septations contrast enhancement may help in the diagnosis
of chondrosacroma [12]. Diffusion weighted-MRI can be useful in differential
diagnosis since ADC values seem to be higher in chondrosarcoma than in chor-
doma [13].

Chordoma should also be distinguished from Benign Notochordal Cell Tumor
(BNCT), a benign lesion arising from notochord remnants (previously called giant
“notochordal rests” or “notochordal hamartomas™) and believed to be rarely a pre-
cursor of chordoma. It is very frequent on autopsies (20% of the population) but rare
on imaging exams (probably because not enough large to be detected) [14]. On
radiographs, BNCT are often invisible or can show a vague sclerosis. CT shows a
sclerotic lesion without cortical disruption or expansion. On MRI, BNCT are hyper-
intense on T2-w images and hypointense on T1-weighted images without any con-
trast enhancement (Fig. 5.2). Unlike chordoma, no soft tissue component is present
[15-17]. If radiological characteristics are typical of BNCT, biopsy is not necessary
unless the lesion changes; follow-up is recommended.

Giant cell tumors usually affect younger patients, have an eccentric and upper-
sacral location, polycystic areas, fluid—fluid level, and frequently involve the sacro-
iliac joint.

Myxopapillary ependymomas may show very similar characteristics to those of
chondroma but they arise in the spinal canal rather than in the bone and usually
demonstrate a more intense Gadolinium contrast enhancement.

After surgery, MRI follow-up of chordomas should be performed every 6 months
for the first year after diagnosis to detect local recurrence or progression. The whole
spine must be studied on MRI to detect leptomeningeal recurrences. Thereafter, if
there is no progression, MRI is recommended yearly for at least 15 years [18].

5.2.5 Chondrosarcoma

Chondrosarcomas accounts for 7-12% of malignant primary tumor of the spine and
are more common in the thoracic spine, while they are rare in the sacrum.

Primary chondrosarcoma of the sacrum predominantly affects patients between
30 and 70 years, with a male predominance (2-4:1) [19].



5 Imaging of Sacral Tumors: Experience of the Rizzoli Institute 69

Fig.5.2 Benign notochordal cell tumor (BNCT) in a 31-year-old woman: (a) axial CT scan shows
a sclerotic lesion in S1. (b) Sagittal T1-w MRI, (c) sagittal T2-w MRI, (d) sagittal T1-w MRI after
Gd: the lesion has a low signal intensity on T1-w images, is hyperintense on T2-w images, and
shows no contrast enhancement

On radiographs and CT, chondrosarcoma appears as a destructive lytic lesion,
usually eccentric in location, with a lobulated contour and endosteal scalloping. The
lesion can be associated with a soft tissue mass [10].

On CT, the non-mineralized, cartilaginous portion of the tumor has a low density
while the mineralized portion can show typical “ring and arc” calcifications.

On MRI, cartilaginous nodules are iso-hypointense on T1-w images and show
lobular high intensity on T2-w images; calcifications are seen as areas of signal void
on all MRI sequences (Fig. 5.3). Contrast enhancement is usually mild and can be
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Fig.5.3 Chondrosarcoma of the right sacral wing in a 60-year-old woman. (a) X-ray, (b) oblique
coronal CT scan. “Ring and arc” calcifications in the osteolytic lesion (¢) oblique coronal T1-w
MRI image, (d) oblique coronal T2-w Fat Sat MRI, (e) oblique coronal T1-w MRI after Gd. The
lesion is iso-hypointense on T1-w images and has a lobular high intensity on T2-w images

either nodular, septal, or diffuse [1]. Dedifferentiation can be detected on CT or
MRI in a part of the tumor taking up contrast medium strongly. The biopsy must
include this suspicious location.

5.2.6 Ewing Sarcoma
Ewing sarcoma usually affects patients between the age of 10 and 30 years with a male

predominance. More than one half of vertebral Ewing sarcoma arise in the sacrum
(70% in the sacral wing) [20], but just 0.5% of all Ewing sarcoma involve this region.
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Fig. 5.4 Ewing sarcoma in a 20-year-old woman: (a) coronal CT, (b) axial T1-w MRI image, (c)
axial T2-w Fat Sat MRI image. The lesion appears as a destructive osteolysis with a sclerotic reac-
tion and invasion of right sacral foramina and sacro-iliac joint

These tumors typically fill the bone marrow cavity and destroy the cortex. The
soft tissue mass associated to the tumor is often larger than the intra-osseous
component.

Radiography and CT show a osteolytic destructive lesion, often associated with
a sclerotic reaction [21]. CT better depicts the soft tissue involvement and the exten-
sion of the bony lesion.

MRI clearly depicts both intra- and extra-osseous components of the tumor,
including paraspinal, extradural, and presacral involvement. MRI features are non-
specific; the lesion is iso-hypointense on T1-w and iso-hyperintense on T2-w
images with variable contrast enhancement. Both CT and MRI are useful for stag-
ing of the tumor but are nonspecific because the osteolysis and the soft tissue mass
can be limited and the lesion can be located either anterior or posterior to the spinal
canal (Fig. 5.4).

5.2.7 Osteosarcoma

Sacral osteosarcoma is rare with only 1% of osteosarcoma involving the sacrum
with a peak of incidence in the fourth decade [22].

Most sacral osteosarcomas are secondary, occurring after radiotherapy or Paget’s
disease. The tumor has an aggressive, permeative osteolytic pattern with cortical
disruption and soft tissue involvement. Tumor extension across the sacro-iliac joint
and into the spinal canal is common [23]. On CT, most sacral osteosarcomas contain
“cloud-like” osteoid mineralization [24]. MRI shows no specific features.
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5.2.8 Other Malignant Bone Tumors

Fibrosarcomas of the sacrum are rare; they arise from a preexisting lesion in about
U4 of cases, usually previously irradiated bone, Paget’s disease, bone infarct or giant
cell tumour, fibrous dysplasia, or ameloblastic fibroma.

Clear cell sarcoma (CCS) is a very rare tumor (1% of soft tissue sarcomas) that
usually arises from tendons or aponeuroses of the extremities. It usually affects
young patients (25—40 years), presenting with a slowly growing, painless mass
[25, 26].

Few cases of clear cell sarcoma of the sacrum are reported. MR is the gold stan-
dard imaging method for the diagnosis of the CCS.

The lesion usually is hyperintense on T1-weighted images and hypointense on
T2-weighted images due to the melanin content of sarcomatous cells [27].

Angiosarcoma, hemangiopericytoma, and pleomorphic sarcoma in the sacrum
are exceptional.

5.3  Benign Bone Tumors

Ten percent of all benign tumors (pseudotumors) involve the sacrum. The most
common are giant cell tumours (60% of cases) followed by aneurysmal cysts (4%)
and osteoblastoma.

5.3.1 Giant Cell Tumour

Giant cell tumour (GCT) is the second most frequent primary tumor of the sacrum
after chordoma; the peak of frequency is between 20 and 30 years with a female
predominance (2/1).

Although usually benign, GCT are locally aggressive and 5-10% can undergo
malignant transformation [28].

GCT usually involves the upper sacrum and has an eccentric location.

On CT, GCT appears as a well-demarcated polycyclic expansile lesion, inducing
usually circumscribed osteolysis and rarely associated with a rim of sclerosis, clas-
sically with no calcifications.

The tumor is locally invasive, disrupting the cortex, and invading soft tissues.
Crossing of the sacro-iliac joint is frequent (Figs. 5.5 and 5.6).

MRI shows anterior and posterior extension of the mass with a heterogeneous
signal both on T1 and T2-w images. Generally, the tumor has a low-to-intermediate
signal intensity on T1-w images. On T2-w images, GCT is iso-hypointense to the
normal spinal cord in 63—-96% of cases [29]. This seems to be related to the relative
collagen content of fibrous components and hemosiderin within the tumor. Although
this feature is not unique to GCT, it can help in the differential diagnosis because
most other spinal neoplasms (metastases, myeloma, lymphoma, and chordoma)
show high signal intensity on T2-w images.
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Fig.5.5 Giantcell tumor (GCT) in a 30-year-old man: (a) axial CT scan shows an eccentric osteo-
lytic lesion in the upper sacrum crossing the left sacro-iliac joint, (b) axial T1-w MRI, (¢) axial
T2-w FS image, (d) coronal T2-w FS image. On MRI, the lesion has a heterogeneous low to inter-
mediate signal intensity on T1-w and on T2-w images

Fig. 5.6 Giant cell tumor in a 25-year-old man. Axial CT scan before (a) and after (b) treatment
with Denosumab. The lesion is massively ossified. That indicates an efficient treatment, and must
not be misdiagnosed as malignant transformation

Evidence of hemorrhage (with high signal intensity on T1-w and T2-w sequences
or T2-w hypointense foci for hemosiderin deposits) and necrosis in the center of the
tumor, with fluid—fluid levels, are characteristic [30]. Secondary aneurismal bone
cyst with fluid—fluid levels can be detected.
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5.3.2 Aneurysmal Cyst

Aneurysmal cyst is a space-occupying lesion comprising blood-filled cysts and is
rare in the sacrum (<5%). About 80% of aneurysmal cysts are discovered before the
age of 20, with a slight female predominance (56%) [10].

On CT, it appears as a purely lytic lesion without solid components, surrounded
by a thin calcified border. MRI shows a well-limited multiloculated lesion with a
high signal intensity on T2-w images, associated with fluid—fluid levels and sur-
rounded by a hypointense rim (Fig. 5.7). The lesion presents a strong contrast
enhancement because it is highly vascularized.

No solid tissue component, and a T2-w hypointense rim, regularly hyperdense
on CT in an expansile sacral lesion with fluid—fluid level in a young patient are typi-
cal features that suggest the diagnosis of aneurismal cyst. However, biopsy remains
necessary especially for the differential diagnosis with GCT or rarely with telangi-
ectatic osteosarcoma that may both present fluid—fluid levels [6].

Fig. 5.7 Anecurismal bone cyst in an 18-year-old boy. (a) Axial CT scan (soft tissues window)
depicts an osteolytic lesion in the right sacral wing surrounded by a thin sclerotic border. (b) Axial
T2-w MRI: the lesion is multiloculated with fluid—fluid levels, (c) axial CT scan post-embolization
(bone window) shows a sclerotic ossification within the cyst
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5.3.3 Osteoid Osteoma

Osteoid osteoma rarely involves the sacrum (2%) but it represents 9% of all benign
sacral tumors. Seventy-five percent of osteoma osteoid occur in patients before the
age of 25 with a male predominance [21]. The classical symptom is dull pain, worse
at night, and relieved by aspirin.

Sacro-iliac joint is a common location for osteoid osteoma.

CT shows the typical feature of osteoid osteoma: a round low-density area (less
than 2 cm in diameter) with a central mineralized area in the center (the nidus);
CT also demonstrates the surrounding osteoblastic response as a peripheral rim of
sclerosis [31].

On MRI, often an extensive bone marrow edema and inflammatory changes can
obscure the lesion that usually appears hypointense on T1-w images and iso-
hypointense on T2-w images.

Bone scintigraphy is accurate in the detection of osteoid osteoma revealing the
“double density sign”: the central area of the nidus has an intense radionuclide
uptake compared to the surrounding zone of bone sclerosis.

5.3.4 Osteoblastoma [32-34]

Osteoblastoma is a rare, benign, bone-forming tumor that may occur in any skeletal
segment with a predilection for the spine. Sacrum is rarely affected. Ninety percent
of osteoblastoma are discovered before the age of 30, with a peak of incidence at 20
and a male predominance. Even if osteoblastoma and osteoid osteoma share some
histological features, osteoblastoma differs by its more expansile nature, a larger
dimension (>2 cm) and therefore a more common clinical presentation with neuro-
logical symptoms.

On CT (and X-ray), osteoblastoma can present as a well-delimited osteolytic
expansile lesion with multifocal calcifications and a sclerotic rim.

CT scanning is the best modality to identify the lesion and characterize the
tumor matrix; it also assesses the degree of sclerosis and the extent of bone
involvement.

MRI shows the inflammatory reaction around the lesion and in surrounding soft
tissues as a hyperintense area on T2-w images (Fig. 5.8).

The differential diagnosis essentially include osteosarcoma. Aggressive forms of
osteoblastoma have been described, probably corresponding to osteosarcoma rather
than malignant transformation of osteoblastoma.

5.3.5 Other Benign Sacral Bone Tumors

Chondroma, osteochondroma, chondromyxoid fibroma, lipoma, fibrous histiocytoma,
and cavernous hemangioma are extremely rare in the sacrum.
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Fig.5.8 Osteoblastoma in a 20-year-old boy. (a) Axial CT scan shows a well-delimited expansile
osteolytic lesion with a mineralized matrix and a very thin sclerotic rim. (b) Axial T2-w FS MRI:
the inflammatory reaction around the lesion and in surrounding soft tissues appears hyperintense
on T2-w FS images

5.4 Non-osseous Tumors or Pseudotumors
5.4.1 Sacrococcygeal Germ Cell Tumors

Germ cell tumors arise from totipotent primitive neural cells during embryogenesis
and are usually located on the midline of the body, 19% of them occurring in the
sacrococcygeal region. Sacrococcygeal teratoma is the most common presacral
germ cell tumor in children and the most common solid tumor in neonates with a
female predominance (3-4:1) and is benign in 60% of cases [35]. In adults, sacro-
coccygeal teratoma is rare and generally benign. More than 90% of teratomas are
diagnosed in children under 2 years of age and are usually predominantly external.
Most of yolk sac tumors are diagnosed between the third and the seventh year of life.

Sacrococcygeal teratomas usually present a heterogeneous appearance on imag-
ing, depending on their components. Benign teratomas contain only mature tissues
and are predominantly cystic, with fluid attenuation at CT [36]. Areas of bone, fat,
and calcifications may be seen.

At MRI, signal intensity depends on fat and calcifications content and fluid—fluid
levels may be present. MRI also shows intra-sacral and extra-sacral extent of the tumor.

Malignant teratomas and yolk sac tumors have a more solid component, with
areas of hemorrhage and necrosis. Yolk sac tumors have aggressive features with
heterogeneous contrast enhancement and invasion of adjacent organs.

5.4.2 Meningeal Tumors

Meningoceles are herniations of the dural sac through a defect in the anterior sur-
face of the sacrum and are most commonly congenital.
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5.4.3 Perineural Cysts

Also known as Tarlov cysts, perineural cysts are congenital meningeal dilatations
of the posterior nerve rootlets and most commonly originate at the level of the
second or third sacral root. They are usually asymptomatic but large cysts can
cause low back and/or leg pain as well as urinary, gastrointestinal, or neurological
symptoms. At radiographs and CT, a bone remodelling or an asymmetrical
enlargement of a sacral foramina may be seen. At CT, they appear as a cystic mass
isoattenuating relative to cerebrospinal fluid [37], causing regular bone erosion
and surrounded by a thin peripheral rim. No contrast enhancement, calcifications,
or soft tissue masses are seen. MRI best demonstrates the relationship between the
cyst and the nerve roots; their signal intensity is the same as cerebrospinal fluid on
all sequences [38].
Lumbosacral meningiomas are exceptional in the sacrum.

5.5 Nerve Tumors
5.5.1 Neurofibromas and Schwannomas [35, 36, 39, 40]

These are intra-dural extra-medullary masses arising from sacral nerve roots sheath
and present a slow growth and a benign appearance on imaging.

Neurofibromas are benign neural tumors that consist of fibroblasts, Schwann
cells, and neural elements that expand and diffusely infiltrate a nerve. They can be
multiple in patients with neurofibromatosis type 1 (NF1).

Typically, neurofibroma is a well-delimited rounded lesion causing enlargement
of a sacral foramen. At CT, it has a lower attenuation compared to that of adjacent
soft tissues.

At MRI, they are iso-hypointense on T1-w sequences, with a homogeneous con-
trast enhancement. On T2-w imaging, neurofibromas have a classical target appear-
ance that consists of a central zone of low signal intensity related to their fibrous
content and a hyperintense rim due to the myxoid component.

Intraosseous schwannoma (neurilemmoma) is rare, but 1-5% of spinal schwan-
nomas originate in the sacrum that is the most frequent site after the mandible.

It is a benign slowly growing tumor that usually manifests as a large mass.

Radiographs and CT show a well-limited osteolysis, surrounded by a thin
sclerotic rim. Calcifications can be present. When they are large, they tend to
remodel or erode the bone and cause foramina enlargement. At MRI, large
schwannomas present soft tissues involvement and are heterogeneous, with low
signal intensity on T1-weighted images and high signal intensity on T2-weighted
images, and can present small cystic areas, a thin pseudocapsule and fluid—fluid
level (Fig. 5.9).

Neuroblastomas, ganglioneuroblastomas, and ganglioneuromas are pediatric
neurogenic masses possibly located in the sacrum, especially at its anterior
aspect.
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Fig.5.9 Schwannoma in a 45-year-old woman. (a) Oblique coronal CT scan. Well-limited osteo-
Iytic lesion that enlarges sacral foramina. (b) Sagittal T1-w MRI, (¢) axial T2-w MRI. The lesion
has a low signal intensity on T1-weighted images and a high signal intensity on T2-weighted
images

5.5.2 Ependymoma

Ependymomas is a malignant tumor that occasionally occurs outside the central
nervous system and can involve sacrococcygeal region in childhood. It can be either
primary, arising from ependymal cells of the conus medullaris or a metastasis from
a primary tumor of the central nervous system [41, 42].

5.5.3 Metastases

Metastases from primary central nervous system tumors can involve the spinal canal
of the sacrum (PNET, germ cell tumors, choroid plexus tumors, glioblastomas).

5.5.4 Carcinoid Tumors

Primary and secondary carcinoid tumors of the sacral dural sac have been reported
[43, 44].
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5.5.5 Sacral Involvement of Pelvic Lesions

Sacrum invasion from a pelvic mass must be differentiated from primary sacral
bone tumors.

5.5.6 Imagingin Postoperative Follow-Up

The aim of postoperative follow-up is to assess any residual tumor and to detect
local recurrence; furthermore, it can monitor adjuvant therapy efficacy. It is usually
performed by contrast-enhanced MRI although artifacts may be produced by pros-
thetic material.

MRI examination has to distinguish inflammatory and fibrotic changes of the
scar from a residual tumor in case of incomplete surgical resection; a local recur-
rence should be detected at the site of the initial tumor in case of complete
resection.

If the tumor is inoperable, MRI can monitor changes of the lesion size and signal
intensity after radiotherapy and chemotherapy.

In hematogenous malignancies and primary bone sarcoma, PET/CT has a role in
evaluating tumor response after adjuvant therapy.
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Biopsy and Staging of Sacral Tumors

John E. Mullinax and Ricardo J. Gonzalez

6.1 Introduction

Tumors arising within the sacrum are rare and often present a diagnostic challenge.
The etiology of the tumor is the primary consideration at the time of presentation so
as to direct therapy appropriately. Initial imaging such as plain radiographs or com-
puted tomography (CT) often suggests a primary sacral neoplasm (Fig. 6.1).

Fig. 6.1 Initial imaging of sacral mass. (a) Sagittal radiograph demonstrating hypodense lesion
immediately anterior to sacrum. (b) Computed tomography scan confirms a primary sacral mass
with bony destruction
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Fig. 6.2 Magnetic resonance imaging of sacral mass. Subsequent imaging modality revealed an
encapsulated, heterogeneous mass emanating from the sacrum. (a) T1 phase and (b) T2 phase
confirm heterogeneous density. (¢) Axial view demonstrates clear plane between mass and gluteus
maximus mm

Magnetic resonance imaging (MRI) can be used to stratify the lesion as benign or
malignant (Fig. 6.2). In the latter category, a history of previous malignancy will
help to delineate between a primary or metastatic lesion. Since metastatic lesions
are far more common in the sacrum than primary malignancies, a thorough history
is a critical component of the diagnostic decision-making. Following this thorough
history, a biopsy is indicated to confirm diagnostic suspicion from the initial imag-
ing. Once a diagnosis is confirmed on biopsy, staging studies are required to com-
plete the management plan and define optimal modes of therapy. This chapter will
review the differential diagnosis, the optimal biopsy method, and the staging studies
required for optimal management of sacral tumors.
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6.2  Method of Biopsy

The need for biopsy is clear and absolute due to the multiple underlying histologies
of neoplasm, both benign and malignant, within the sacrum. The method of biopsy,
however, is less clear and the source of much controversy. Historical descriptions of
biopsy technique have included open (incisional) biopsy, excisional biopsy, core
needle biopsy, and fine needle aspiration with the last two performed by either
image guidance or direct palpation. Recent experience has clarified the role of each
with some significant pitfalls now recognized.

Incisional biopsy should only rarely be undertaken for the diagnosis of a sacral
tumor. With modern image guidance and large bore core biopsy needles, there
is no need for tumor disruption to obtain diagnosis. Incisional biopsy is fraught
with complications, most severely the spread of tumor across planes of tissue not
otherwise invaded by the malignant process. Local bleeding of the tumor
and biopsy site allows for the diffuse spread of tumor cells and negatively impacts
the outcome. Many times, a complete oncologic resection is not possible simply
due to biopsy technique. This unfortunate outcome can be avoided with proper
planning.

Small (<3 cm) tumors which have clear benign features on imaging can be biop-
sied by complete excision [1]. Using this method, adherence to oncologic principles
is required in the event a high-grade neoplasm is identified on final pathologic anal-
ysis. Great care should be taken to not disrupt uninvolved tissue planes and ensure
adequate hemostasis during dissection. The primary benefit of this technique is an
adequate tissue sample for analysis by the pathologist. Architecture of the tumor is
preserved maximally which allows for description of tumor heterogeneity and iden-
tification of poorly differentiated areas within the larger specimen.

Percutaneous biopsy can be performed by either fine needle aspiration (FNA) or
core needle biopsy (Fig. 6.3). Prior to selection of technique, imaging should be
reviewed directly between the treating physician and diagnostic radiologist focus-
ing on two components. First, the a priori probability of metastatic disease should
be determined. For those patients with a high probability of metastatic tumor, FNA
is appropriate to confirm the suspicion. Second, the heterogeneity of the tumor
should be discussed to ensure proper sampling of the biopsy. There should be a
focus on any high-grade components, as these foci within the primary lesion can
contain characteristic genetic alterations used to guide therapy.

Use of FNA for the diagnosis of soft tissue sarcoma is appropriate when per-
formed in the setting of a multidisciplinary team. As mentioned above, the sampling
of the tumor should be planned from the initial imaging and the biopsy should be
performed under image guidance for tumors with significant heterogeneity. The
pathologist should immediately assess adequacy of the specimen so that a core
biopsy can be performed, if needed. Using this method, FNA is adequate for diag-
nosis in 77% of cases and 78% of the time the diagnosis correlates with malignant
radiographic findings. For those lesions with benign features on imaging, FNA is
not as helpful as the final diagnosis is in agreement in only 44% of cases. In the case
of indeterminate image characteristics, FNA can differentiate benign from malig-
nant lesions in 63% of cases [2]. FNA utility is increasing as subtypes are



86 J.E. Mullinax and R.J. Gonzalez

- J. Caraeciolo, MLD.

Fig. 6.3 Computed tomography-guided biopsy. A posterior approach was used to biopsy the
lesion and confirm the histology as chordoma

increasingly diagnosed by cytogenetic techniques since a relatively small number of
cells is needed for analysis.

If resection of the tumor is considered in the treatment algorithm, then the sur-
geon should direct the biopsy plan after discussion with the diagnostic radiologist.
Many times the biopsy tract can be placed within the planned incision, making exci-
sion at the time of tumor extirpation possible. At times, there are limitations of
biopsy approach due to anatomic constraints and in those cases, placement of the
biopsy tract outside the planned surgical incision cannot be avoided. It is not man-
datory to excise a core biopsy tract if it will yield an unacceptable increase in mor-
bidity but the biopsy cavity from an incisional biopsy should always be excised.
Local recurrence (9%) following core biopsy without excision of the biopsy tract is
rare compared to distant recurrence risk (25%) in the same patients [3].

6.3  Differential Diagnosis
6.3.1 Primary Benign Sacral Tumors

The primary consideration on biopsy of sacral tumors is whether a malignant pro-
cess is responsible for the lesion identified on imaging. Not all lesions identified are
malignant and several benign primary lesions occur within the sacrum. The most
common benign tumor of the sacrum is a giant cell tumor (GCT), which is respon-
sible for approximately 60% of benign lesions within the sacrum and 13% of all



6 Biopsy and Staging of Sacral Tumors 87

sacral tumors [4]. While only 7% of GCT involve the spine, the sacrum is the most
common site of involvement within the spine [5]. The histologic hallmark of these
lesions is the presence of large, osteoclast-like multinucleated cells (giant cells)
scattered within spindle cell stroma. There are often hemorrhagic and fibrotic areas
found within the tumor [6, 7]. Genetic hallmarks of GCT include telomere fusion,
termed telomeric association (tas), which is found in 50% of GCT. Rearrangements
of chromosome 17 (described below) have also been reported which hints at the
presence of aneurysmal bone cysts within the larger lesion [7].

The second most common benign tumor found in the sacrum is the aneurysmal
bone cyst (ABC). The spine is the location of approximately 20% of all ABCs and
about 20% of spinal ABCs are located within the sacrum, which means the sacrum
is the primary site for 3—4% of all ABCs [4-6, 8]. The histologic findings associated
with ABC include large blood filled cystic spaces which are formed by septae of
fibroblasts. There is little evidence of atypia within the cellular component of these
lesions though mitoses can be common. The osteoclast-like giant cells seen in GCT
are seen in ABCs as well but the large cystic areas distinguish these lesions from the
former [7]. Cytogenetic rearrangements of the ubiquitin-specific peptidase 6 (USP6)
gene on chromosome 17 are seen in 70% of primary ABC [7].

The spine is the primary location of osteoblastoma in 40% of cases and the
sacrum is the site of 17% of these spinal lesions, thus the sacrum accounts for only
1% of all osteoblastomas [4, 5]. There are three classically described patterns of
osteoblastoma on imaging and the most aggressive pattern of bone destruction with
infiltration of adjacent structures carries a local recurrence rate approaching 50%
[4]. This aggressive form is termed “epithelioid osteoblastoma” but there is no evi-
dence that it has a worse prognosis compared to other subtypes [7]. Histologic hall-
marks include disorganized spicules of woven bone lined with osteoblasts which do
not demonstrate any degree of atypia [7]. There have been no genetic alterations
described for osteoblastoma.

The final category of benign sacral tumors includes schwannomas and neurofi-
bromas which arise from the neural elements of the sacrum. Schwannomas can be
quite large at diagnosis with a mean diameter of 10.5 cm [4, 8]. Neurofibromas are
often smaller tumors and can be distinguished by the lack of a capsule as opposed
to the schwannomas which often are encapsulated. The malignant form of neuro-
fibroma, called malignant peripheral nerve sheath tumor, can occur in patients
with neurofibromatosis type 1. The hallmark schwannomas is the biphasic cellular
components, termed Antoni A and B tissue. The former is characterized by spin-
dle cells arranged in a compact group while the latter is more loosely arranged
spindle cell foci within the tumor. This characteristic finding is readily identified
and, when present with a fibrous capsule, is diagnostic for a schwannoma. The
biphasic cellular component of the schwannoma contrasts the more loosely
arranged spindle cell infiltrate of nerves found with neurofibroma. Genetic asso-
ciations between these two entities include mutations in the NF2 gene which lead
to schwannoma tumorigenesis and mutations in the NF1 gene which are found
commonly within neurofibromas [7].
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6.3.2 Primary Malignant Sacral Tumors

Chordoma is the most common tumor found in the sacrum and accounts for 2-4%
of malignant bone tumors [5, 9]. These tumors are found along the axial skeleton
and equally distributed between the skull base, spine, and sacrococcygeal region [5,
10]. This distribution is indicative of the pathogenesis of this tumor which is derived
from the primitive fetal notochord [9-13]. Studies have shown that there are rests of
primitive notochord cells within the adult vertebrae which further corroborates the
cell of origin for these tumors. Chordomas are slow growing and generally present
late with involvement of pelvic viscera and sacral nerve roots. Histologic hallmarks
of these tumors include intracellular vacuoles which are termed physaliferous and
are pathognomonic for chordoma [7, 9—13].

The differentiation of chordomas from other primary malignant sacral lesions, spe-
cifically chondrosarcomas has been historically very challenging. Chordomas are
immunoreactive to S-100, a primitive neural crest marker, cytokeratin 8, 18, and 19
while chondroid neoplasms also have immunoreactivity to S-100. Chondroid chon-
drosarcomas have been particularly difficult to distinguish from chordoma due to the
patchy appearance of cytokeratin immunostains, which are not present in the chon-
droid component of the tumor [12]. This diagnostic dilemma was ameliorated by
Vujovic et al, with the report of brachyury as a pathognomonic biomarker for the
diagnosis of chordoma [12]. Brachyury is synonymous with the T gene, located on
chromosome 6 and is a transcription factor expressed by the notochord of the human
embryo [12, 14]. The function of the gene is to direct mesoderm differentiation in
embryologic development and as such should not be expressed in adult tissue.

The unique expression of brachyury in chordomas yields significant utility to
immunostains and is well documented. There is no expression in other lesions com-
monly found within the sacrum. In a recent series of 305 cases, there was no expres-
sion in clear cell renal cell carcinoma (most common metastatic lesion to sacrum) or
germ cell tumors [13]. Other reports have documented the lack of expression in
chondrosarcoma, liposarcoma, and mucinous carcinoma [11, 15]. The combination
of brachyury and AE1/AE3 immunostains yields 98% sensitivity and 100% specific-
ity for chordoma [15]. The utility of brachyury expression is limited to diagnosis and
not prognosis. A recent report of 78 chordoma patients failed to show a correlation
between brachyury expression by immunohistochemistry and clinical outcome [16].

Most exciting is the therapeutic potential of this biomarker. Through analysis of
40 chordoma patients with 358 ancestry-matched controls, it was shown that the
mutation in the T gene, resulting in overexpression of brachyury, is a single nucleo-
tide polymorphism in exon 4. This unique mutation and expression is being exploited
as a target for immunotherapy. In silico analysis demonstrated HLA binding regions
for brachyury peptides. Follow up in vitro experiments with brachyury-peptide
pulsed dendritic cells demonstrated CD8+ lymphocyte proliferation and cytotoxic
activity as measured by interferon-y release assay [17]. Thus, a marker with signifi-
cant diagnostic utility may also be used as an immunotherapy target.

The second most common primary malignant tumor of the sacrum is multiple
myeloma (plasma cell myeloma) or the solitary, indolent form; plasmacytoma [4].
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These are found due to the rich marrow deposit located within the sacrum. Histologic
findings of these tumors demonstrate a plasmacytic proliferation with immunoreac-
tivity to CD138. The features of solitary plasmacytoma and plasma cell myeloma
are difficult to distinguish microscopically and the diagnosis is made by laboratory
studies where M-protein is found in the blood or urine for plasma cell myeloma.
Cytogenetics can be helpful in the diagnosis since there are translocations involving
the immunoglobulin heavy chain (IGH) locus found in patients with plasma cell
myeloma of the bone [7].

Another primary malignancy associated with the hematopoietic component of
the sacrum is primary bone lymphoma. This is the third most common lesion in the
sacrum and the imaging characteristics are so unique that thorough imaging is gen-
erally diagnostic. On microscopic analysis, the lesions are destructive centrally with
normal cortical bone. There is significant pleomorphism among the cells and nuclear
atypia is prominent. These lymphomas are B-cell derived and therefore immunos-
tains for CD20 are positive [7].

Rare primary malignant lesions of the sacrum include Ewing’s sarcoma and
osteosarcoma. Ewing’s sarcoma accounts for approximately 8% of primary malig-
nant lesions in the sacrum and there are very specific therapeutic recommendations
for this lesion. These tumors have characteristic small, round, blue cells and demon-
strate unique cytogenetics with a translocation between the EWSRI gene and a
transcription factor from the ETS family, most commonly FLII [7]. There are pres-
ently clinical trials targeting these translocations and preoperative therapy is recom-
mended, making an accurate diagnosis on biopsy of paramount importance.
Osteosarcoma represents 4% of the primary malignant lesions in the sacrum, and
there is no immunophenotype or unique histologic finding associated with this diag-
nosis. There are multiple subtypes of osteosarcoma but there is currently no rela-
tionship between histologic subtype and treatment [7].

6.3.3 Metastatic Disease

Despite the multiple subtypes of primary malignant and benign sacral tumors, the
most common lesions found within the sacrum are metastatic deposits from other
primary lesions. Common metastatic lesions to the sacrum include clear cell renal
cell carcinoma, prostate cancer, and adenocarcinomas from the gastrointestinal
tract. Biopsy for these lesions is generally performed as a confirmatory test follow-
ing conclusions drawn from the history in clinic rather than from imaging.

6.4 Staging

The most important determinant of staging studies for patients with sacral tumors is
the history of other primary malignancies. For those patients, all evaluation should
be undertaken with the assumption that the sacral tumor is a metastatic lesion until
definitive biopsy proves otherwise. Staging studies in these cases should focus on
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the identification of other metastatic deposits, and for this reason positron emission
tomography (PET) scans are recommended.

Other methods of axial imaging should be performed for primary sacral malig-
nancies. In these cases, computed tomography (CT) of the thorax, abdomen, and
pelvis are required for adequate assessment of distant metastatic disease. Magnetic
resonance imaging (MRI) of the pelvis is helpful in staging because assessment of
local invasion is more readily appreciated with this modality. MRI also offers the
ability to enhance surgical planning for those patients without distant disease identi-
fied on CT. Bone marrow biopsy, skeletal survey, and serum protein electrophoresis
are mandatory tests to stage patients with multiple myeloma or plasmacytoma.

6.5 Summary

Primary sacral malignancies are rare and management requires a broad knowledge
of the histologic possibilities arising within the sacrum. The most common benign
diagnosis is giant cell tumor and the most common primary malignancy is a chor-
doma. Decisions regarding the technique of biopsy should be discussed with the
primary treating surgeon in conjunction with the interpreting pathologist. This is
especially true for heterogeneous masses and when there is ambiguity regarding a
diagnosis of chordoma or chondroscarcoma. Due to the paucity of cases, the col-
laborative effort of a multidisciplinary team is recommended to achieve optimal
outcomes.

Conflict-of-Interest Statement No benefits have been or will be received from a
commercial party related directly or indirectly to the subject matter of this chapter.
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Histopathology of Sacral Tumors
and Pseudotumors

Marilyn M. Bui,Yi Ding, Evita Henderson Jackson,
and Angelo Paolo Dei Tos

The sacrum is composed of bone, cartilage, soft mesenchymal tissue, bone marrow,
and notochordal remnants, which give rise to tumors or pseudotumors. Tumors of
the sacrum include primary and metastatic/systemic origin. The primary tumors
consist of malignant and benign entities. Systemic diseases include metastases and
hematopoietic malignancies such as lymphoma, multiple myeloma, or plasmacy-
toma. The incidence of sacral tumors and pseudotumors at the Rizzoli institute is
described in the epidemiology chapter of this book. Personal communication with
Dr. Xiaohui Niu, Professor and Chair of the Department of Orthopedic Oncology
Surgery of the Jishuitan (JST) Hospital in Beijing, China, the largest and a premier
Orthopedic Oncology hospital in China, also confirms the most frequently occur-
ring sacral tumors (Table 7.1). This data is retrieved from the JST epidemiology
website of musculoskeletal tumors (www.sarcoma-jst.net) based on a collection of
18, 419 cases [1]. In this chapter, the histopathology as well as pertinent ancillary
diagnostic, prognostic, and predictive information of these common tumors and
pseudotumors will be discussed.
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Table 7.1 Frequency of sacral tumor and pseudotumors (JST data)

Diagnosis Cases
Primary malignant tumors
Chordoma 172
Undifterentiated high-grade pleomorphic sarcoma 27
Chondrosarcoma 18
Ewing Sarcoma 12
Small blue round cell tumor 9
Osteosarcoma 11
Malignant peripheral nerve sheath tumor 3
Fibrosarcoma of bone 2
Malignancy in giant cell tumor of bone 2
Angiosarcoma 1
Subtotal 257
Benign lesions
Giant cell tumor of bone 124
Schwannoma/neurofibroma 75
Aneurysmal bone cyst 8
Bone cyst 9
Osteoblastoma 5
Paraganglioma 5
Hemangioma 4
Desmoplastic fibroma of bone 2
Fibrous dysplasia 2
Angiomatosis, Langerhans cell histiocytosis, Lipoma, Myopericytoma, 6
Osteochondroma, Osteoid osteoma
Subtotal 240
Systemic diseases
Metastatic disease 84
Plasma cell myeloma 13
Primary non-Hodgkin lymphoma of bone 8
Subtotal 105
Total 602

7.1 Malignant Tumors

Malignant tumors include primary sarcoma, primary hematopoietic malignancy,
and metastatic diseases. Primary sarcoma may derive from bone or soft tissue. The
histological type of a primary bone sarcoma is often indicative of the tumor grade.
The most common bone sarcomas are of high-grade malignancy. Soft tissue sar-
coma occurring in sacrum is rare. Histological type and grade predict tumor behav-
ior. The Federation Nationale des Cenres de Lutte Contre Le (FNCLCC) grading

system is well accepted.
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Fig.7.1 Gross image of a sacral chordoma

7.1.1 Chordoma

Chordoma is the most common primary malignancy occurring in sacrum arising
from notochordal rests [2]. Although it is mainly located in the base of the skull,
29.2-60% of chordomas occur in the sacrococcygeal region [3, 4]. It is usually a
slow-growing and low-grade tumor, but metastatic disease is seen more frequently
in sacral chordomas than in skull base chordomas [5].

Grossly, the tumor has an expansile, lobulated structure with cortical invasion.
The cut surface is gelatinous with chondroid texture (Fig. 7.1). By definition, chor-
doma is a malignant tumor showing notochordal differentiation [3]. Notochordal dif-
ferentiation is exhibited by epithelioid cells arranged in nests or cords with clear or
eosinophilic cytoplasm; some have vacuolated “bubbly” cytoplasm, so called “phys-
aliphorous cells.” The tumor cells are separated by fibrous septa, which give rise to
the lobulated appearance and are embedded in abundant extracellular myxoid matrix.
In a low-grade tumor, the nuclei are small with coarse chromatin. In a high-grade
tumor, the nuclei may become larger, pleomorphic and with greater mitotic activity.

Most of the chordomas are designated as chordomas, not otherwise specified
(NOS) [3]. Chondroid chordoma is a rare variant which contains hyaline cartilage
component. Its behavior is similar to chordoma, NOS, but it may be confused as
chondrosarcoma morphologically. Brachyury is a specific immunohistochemical
diagnostic marker for chordoma [6]. Nuclear immunoreactivity to Brachyury is
seen in chordoma but not in chondrosarcoma, and is therefore extremely helpful in
the differential diagnosis. Figure 7.2 shows the histological and immunohistochem-
ical features of a chordoma. In practice, we prefer to use the more specific monoclo-
nal antibody of brachyury than the polyclonal to prevent false positivity; we also
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Fig.7.2 Microscopic images of a chordoma. (a) HE digitalized whole slide image. (b) HE x200.
(¢) HE x600. (d) Brachyury stain x200
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Fig.7.2 (continued)



98 M.M. Bui et al.

prefer to use non-decalcified specimen for brachyury testing to prevent false nega-
tivity. Other traditional helpful positive diagnostic immunohistochemical markers
for chordoma include keratin, epithelial membrane antigen, and S-100 protein. New
markers such as loss of PTEN and loss of INI-1 expression have recently been
found in chordoma [7, 8]. Dedifferentiated chordoma is a high-grade and biphasic
tumor which consists of a high-grade undifferentiated spindle cell sarcoma or osteo-
sarcoma in association to chordoma, NOS [3]. Recognizing the conventional chor-
doma component is the key to this diagnosis because the dedifferentiated component
does not express the diagnostic markers described here.

7.1.2 Chondrosarcoma

Chondrosarcoma is a locally aggressive malignant tumor that produces cartilaginous
matrix [3]. There are four histological variants of chondrosarcoma: conventional,
dedifferentiated, mesenchymal, and clear cell (Table 7.2). The histological grade is
the single most important prognostic factor of conventional chondrosarcoma.
Chondrosarcoma can be classified on the basis of its location in the bone. Central
chondrosarcomas are located in the medullary cavity, peripheral chondrosarcomas
arise from the surface of the bone, and periosteal (juxtacortical) chondrosarcomas
arise from the surface of the bone and the periosteum [3]. According to its origin, a
primary chondrosarcoma arises de novo, and secondary chondrosarcoma is a result
of malignant transformation of an enchondroma (central) or osteochondroma
(peripheral). All types can affect the pelvic bones, including the sacrum; however,
peripheral secondary chondrosarcoma is seen more commonly in younger patients
than in central primary chondrosarcoma, which predominantly affects patients more
than 50 years of age [9]. The majority of the conventional and dedifferentiated chon-
drosarcomas exhibits somatic mutations of the isocitrate dehydrogenase genes 1
and 2 (IDHI and IDH?2) [10]. However, this finding is absent in mesenchymal and
clear cell chondrosarcoma indicating their different pathogenesis. The presence of
(IDHI and IDH2) mutation can be used to differentiate a chondroblastic

Table 7.2 Characteristics of histological variants of chondrosarcoma

Tumor type Component Prognosis

Conventional Chondrosarcoma Depends on
Grade 1 grade
Grade II
Grade 111

Dedifferentiated | Low-grade conventional chondrosarcoma plus high- Poor

grade dedifferentiated sarcoma or osteosarcoma

Mesenchymal Low-grade conventional chondrosarcoma plus poorly Poor
differentiated malignant small round cells

Clear cell Clear cells or chondroblastoma-like cells Depends on

Note: Usually occurs in the ends of long bones; patients | grade
younger than conventional
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Fig. 7.3 Gross image of a sacral chondrosarcoma

osteosarcoma when it is deemed necessary. These molecular findings also warrant
further investigation for their role as potential therapeutic targets [11].

As shown in Fig. 7.3, conventional chondrosarcomas grossly have the cut surface
of hyaline cartilage with irregularly lobular appearance. Myxoid, cystic, and calci-
fication changes can be seen. Microscopically, the distinction between enchon-
droma and grade I chondrosarcoma can be challenging due to overlapping
morphological features. A generally accepted minimum diagnostic criteria for
chondrosarcoma include hypercellularity, permeation of the host bone, absence of
host bone encasement, open chromatin, mucoid matrix, and older patient (age >45
years) [3]. After establishing a diagnosis of chondrosarcoma, the next step is to
grade the tumor using the following histological features: cellularity, nuclear size,
degree of hyperchromasia, and mitoses. The grade I chondrosarcoma has similar
nuclear features of enchondroma, except the architectural changes as described
above. Grade III chondrosarcoma exhibits high cellularity, markedly enlarged
nuclei, pleomorphic nuclei with nucleoli, and frequent mitoses compared to grade
II chondrosarcoma. Tumor grade is the single most important prognostic factor of
chondrosarcoma [9, 12]. When a chondrosarcoma has a spectrum of histology from
grade I to grade III, it is a good practice to report the percentage of the high-grade
component which predicts a worse prognosis. Figure 7.4 is the histological illustra-
tion of chondrosarcoma of various grades and dedifferentiated chondrosarcoma.

7.1.3 Ewing Sarcoma

Ewing sarcoma is a high-grade malignancy with small, round tumor cells harboring
pathognomonic molecular signatures [3]. Approximately 85% of the Ewing sar-
coma harbors a somatic chromosomal translocation t(11;22)(q24;q12) which rear-
range EWSRI gene to fuse with FLII gene [13]. The fusion protein EWSR1-FLI1 is
an oncoprotein and is responsible for the pathogenesis of Ewing sarcoma [14, 15].
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Fig.7.4 Microscopic images of chondrosarcoma. (a) Chondrosarcoma invasion of bone. HE x40.
(b) Grade I chondrosarcoma. (¢) Grade II. HE x200. (d) Grade III. (e) Dedifferentiated chondro-
sarcoma. HE x400
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Fig. 7.4 (continued)
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Fig. 7.4 (continued)

The EWSRI gene also has many other fusion partners such as the ERG gene [13].
Molecular testing for the signature gene and products are useful in confirming the
diagnosis [16, 17]. While reverse transcription polymerase chain reaction (RT-PCR)
may confirm the presence of EWSRI-FLII or EWSRI-ERG fusion products, spe-
cific for Ewing sarcoma, the detection of rearrangement of EWSRI gene by fluores-
cence in situ hybridization (FISH) is not specific, because other sarcomas may
harbor EWSRI gene rearrangements [3].

Primary Ewing sarcoma of the spine including sacrum is uncommon (only
3-10%); while metastatic disease from extraspinal Ewing sarcoma is more frequent.
The sacral ala is the most common site for primary Ewing sarcoma of the spine [18,
19]. The prognosis is worse for sacrococcygeal Ewing sarcoma than for extraspinal
Ewing sarcoma, usually due to larger tumor size at presentation because of delayed
clinical presentation [20].

Grossly, the tumor has tan-grey cut surface with no bone or cartilaginous matrix.
Necrosis and hemorrhage can be seen. In a classic Ewing sarcoma, the tumor is com-
posed of small round cells with scant cytoplasm and round nuclei arranged in a
vaguely lobular pattern or completely dyscohesive. This latter appearance resembles
lymphoma. However, the cytoplasm of Ewing sarcoma appears clear and contains
glycogen, which stains positively with periodic acid-Schiff (PAS). Ewing sarcoma
also lacks the lymphoglandular bodies which represent cytoplasmic debris of lym-
phoma cells. In an atypical Ewing sarcoma, the tumor cells are larger with more pleo-
morphic nuclei and prominent nucleoli [3]. Neuroectodermal differentiation can be
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seen with tumor cells forming rosette-like structures. Immunohistochemical stain pat-
tern of Ewing sarcoma includes positive vimentin, CD99 (membranous staining pat-
tern), Keratin (aberrantly expressed in 30% cases), neuroendocrine markers, FLI-1
and, rarely, ERG) [13, 21, 22]. A histological, immunohistochemical and molecular
illustration of Ewing sarcoma is in Fig. 7.5.
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Fig.7.5 Ewing sarcoma. (a) HE x200. (b) HE x400. (c) CD99+ x400. (d) FLI1+ x400. (e) FISH
x1000 showing LSI EWSR1 (22q12) break-apart probe showing EWSR1 rearrangement
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Fig.7.5 (continued)
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Fig. 7.5 (continued)

Table 7.3 Characteristics of histological variants of primary central osteosarcoma

Tumor type Component Prognosis
Conventional | High-grade sarcoma with osteoid formation High-grade tumor. Subtype
Osteoblastic (76-80%) (Fig. 7.6a) does not differ in prognosis
. . and therapy
Chondroblastic (10-13%) (Fig. 7.6b)
Fibroblastic (10%)
Telangiectatic | High-grade osteosarcoma with characteristic Similar to conventional type

blood lakes and spaces

Giant cell rich

High-grade osteosarcoma with abundant
osteoclast-like giant cells (Fig. 7.6¢)

Similar to conventional type

Small cell High-grade osteosarcoma with characteristic Slightly worse prognosis

small tumor cells (Fig. 7.6d) than conventional type
Low-grade Low-grade osteosarcoma Excellent prognosis
central

Note: Distinguish from fibrous dysplasia by
permeation of the host bone and soft tissue
extension; amplification of MDM?2 gene

7.1.4 Osteosarcoma

Patients with primary lumbosacral osteosarcoma are older at presentation and com-
monly males [20]. Secondary sacral osteosarcoma occurs in patients with previous
radiation treatment or a history of Paget’s disease. Elderly patients with polyostotic
Paget’s disease are most at risk for sarcomatous degeneration [2].

According to its location in the bone, central osteosarcoma is located in the med-
ullary cavity, and peripheral osteosarcoma arises from the surface of the bone [23].
The characteristic of primary central osteosarcoma and surface osteosarcoma are
summarized in Tables 7.3 and 7.4. Surface/peripheral osteosarcoma very rarely
affects the flat bone.
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Table 7.4 Characteristics of histological variants of primary peripheral osteosarcoma

Tumor type Component Prognosis
Parosteal Low-grade Excellent
(Juxtacortical Spindle cells with mild to moderate atypia,
osteosarcoma) well-formed bone trabeculae arranged in parallel

pattern, and associated benign cartilaginous

differentiation

Note: Amplification of MDM?2 gene
Periosteal Intermediate-grade Better prognosis
(Juxtacortical Predominantly atypical cartilage admixed with than conventional
chondroblastic intermediate-grade osteosarcoma osteosarcoma
osteosarcoma)
High-grade High-grade osteosarcoma of the surface Similar to
surface Note: The tumor is predominantly outside the conventional type
osteosarcoma bone; similar variants seen in conventional

osteosarcoma

High-grade osteosarcoma is treated with neoadjuvant chemotherapy. The path-
ological evaluation of the therapy response is critically important for assessment
of prognosis. Osteosarcomas with more than 90% tumor necrosis (less than 10%
viable tumor cells) are considered good responders and have better overall and
disease-free survival [24]. A generally accepted method of sampling osteosarcoma
includes cross-sectioning the central and largest slice of the tumor. The slice is
further divided into 1 cm x 1 cm slices and prepared for microscopic examination.
Therapy-induced changes include tumor necrosis, pleomorphic changes, cystic
changes, fibrosis, etc. However, only the percentage of tumor necrosis character-
ized by pyknotic, fragmented, or lysed tumor nuclei, which is reversely related to
the percentage of viable tumor cells, is accepted as an independent prognostic
factor [25].

7.1.5 Undifferentiated Pleomorphic Sarcoma

Undifferentiated pleomorphic sarcoma (UPS) is a group of high-grade tumors that
have no identifiable line of differentiation when analyzed by current technologies,
and therefore represents a diagnosis of exclusion. Figure 7.7 shows a gross image of
a sacral undifferentiated sarcoma. UPS histology is variable and may show several
morphologic patterns from storiform areas composed of spindle cells to areas com-
posed of large, pleomorphic neoplastic cells with marked nuclear atypia [3, 26].
Mitotic activity is prominent with atypical mitotic figures.
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Fig. 7.6 Osteosarcoma. (a) Osteoblastic osteosarcoma. (b) Chondroblastic osteosarcoma. (c)
Giant cell rich osteosarcoma. (d) Small cell osteosarcoma
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Fig.7.6 (continued)
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Fig.7.7 A gross image of
undifferentiated sarcoma

7.1.6 Metastatic/Systemic Malignancy

Metastatic disease from epithelial malignancies is the most common secondary
malignancy of the sacrum [2]. The primary sites include lung, breast, prostate, kid-
ney, head and neck, and gastrointestinal tract. Melanoma is also a common culprit
of metastasis [27]. The most common hematopoietic malignancies of the sacrum are
non-Hodgkin lymphoma and multiple myeloma or plasmacytoma. These diseases
may be either primary of bone or secondary involvement of the bone in dissemi-
nated disease. Our institutional review of primary bone lymphoma (PBL) consisted
of 70 patients [28, 29]. PBL cases were included in this cohort using the 2013 WHO
criteria for bone/soft tissue tumors [3], as disease was restricted to bone and adja-
cent soft tissue with or without regional nodes at the time of the diagnosis. Bone
lymphoma with distant bone marrow involvement as the only other site of extrano-
dal disease was also included. We found that PBL occurs in sacrum less frequently
than extremities, but diffuse large B-cell lymphoma is the most common variant of
lymphoma.

When a primary tumor is present, the diagnosis of metastatic disease is achieved
by comparing the histology of sacral lesion with the primary disease. However,
when a primary site unknown histomorphology in conjunction with pertinent ancil-
lary testing including immunohistochemistry, flow cytometry and molecular testing
are used to render a definitive diagnosis.
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7.1.7 Rare Primary Sacral Sarcomas

The following malignant tumors have occasionally been reported occurring in
sacrum [3, 30-32] (see Table 7.5).

7.2  Benign Tumors

7.2.1 Giant Cell Tumor of Bone

Giant cell tumor of bone (GCTB) is a benign but locally aggressive tumor. The
tumor is composed of numerous characteristic giant cells which are large and osteo-
clast-like. These cells are impressive morphologically; however, they are the back-
ground cells reactive to the true neoplastic cells which are primitive mesenchymal
stromal cells. The neoplastic cells are mononuclear and express receptor activator
for NF-xB ligand (RANKL), the master regulator of osteoclast differentiation.
Macrophages and osteoclasts express RANK. The interaction between the

Table 7.5 Rare primary sarcomas of sacrum

Histology and

Tumor type Definition immunophenotype Prognosis
Undifferentiated/ High-grade Pleomorphic, spindle cell, Limited data
unclassified malignancy round cell, epithelial cell
sarcoma showing no No consistent finding
identifiable
specific lineage
of differentiation
Angiosarcoma Aggressive Epithelial, spindle Poor prognosis
malignancy with | Express vascular markers associated with high
endothelial (CD34, CD31, ERG, and grade, presence of
differentiation FLII) macronucleolus, older
age, large size,
increased mitoses,
and high Ki-67 index
Fibrosarcoma Intermediate- to | Less pleomorphic than Depend on age, tumor

High-grade undifferentiated pleomorphic | site, grade, and stage
fibroblastic sarcoma
spindle cell Rare report of slerosing
malignancy epithelioid fibrosarcoma
No consistent finding
Malignant solitary | Malignant Large tumor size, infiltrative Depend on age, tumor
fibrous tumor variant of margin, hypercellularity, site, grade, and stage

solitary fibrous
tumor

nuclear pleomorphism, tumor
necrosis, and high mitotic
activity (>4/10 HPF)

Express STAT6 (nuclear),
CD34, CD99, and Bcl-2
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neoplastic mononuclear stromal cells and macrophages/osteoclasts by a RANKL-
dependent mechanism via the stimulation of macrophage-colony stimulation factor
(MCSF) results in neoplastic proliferation and induces osteoclast formation. During
this process, tumor-associated macrophage-like osteoclast precursors, which are
also mononuclear cells, are recruited by tumoral stromal cells to participate in
osteoclast differentiation and activation. Because osteoclast formation is the major
consequence of GCTB, inhibition of osteoclast formation and activity is the key
therapeutic approach. For example, bisphosphonate inhibits osteoclast-mediated
resorption of bone/osteolysis and anti-RANKL antibody targets the RANKL-
dependent mechanism of GCTB formation.

Osteoprotegerin (OPG) is a soluble decoy receptor that is produced by osteo-
blasts to inhibit osteoclast differentiation through its binding to RANKL, which
prevents RANK binding. OPG expression reflects a protective mechanism of the
skeleton to compensate increased bone resorption. Bone remodeling is mainly con-
trolled by the balance of RANKL/OPG. Osteoprotegerin ligand (OPGL), also
named receptor activator of RANKL, is also expressed in the stroma-like tumor
cells of GCTB. The ratio of OPGL/OPG by tumor cells may contribute to the degree
of osteoclastogenesis and bone resorption [33].

Although giant cell tumors of the bone (GCTB) within the vertebrae are rare
(2.7-6.5% of all GCTB), the sacrum may be the most common spinal site for this
lesion [34-36]. In a collaborative study with Beijing Jishuitan Hospital, we found
that GCTB has significant higher incidences than the Mayo Clinic group [37]. JST
group also published an article described two GCTBs of sacrum with pulmonary
metastasis [38].

Grossly, the tumor is red-brown with hemorrhage (Fig. 7.8). Yellow areas reflect
lipid laden macrophage rich areas. Histologically (Fig. 7.9) the tumor is composed
of numerous giant cells with multinucleation and scattered mononuclear cells that
are round or spindle. Lipid laden or hemosiderin laden macrophages are also
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Fig. 7.8 A gross image of a sacral giant cell tumor
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Fig. 7.9 Microscopic images of giant cell tumor

present. The tumor is mainly solid and may contain cystic areas. Secondary aneu-
rysmal bone cyst component is seen in 10% of GCTB. The tumor may be mitoti-
cally active; however, a benign giant cell tumor typically does not have atypical
mitosis or significant nuclear atypia. The latter is associated with a malignant trans-
formation of GCTB. One diagnostic pitfall is to avoid misdiagnosing an osteosar-
coma when a pathological fracture is in association with a malignant giant cell
tumor.

7.2.2 Benign Neurogenic Tumor

Benign neurogenic tumors occur in paraspinal or presacral locations. Sacral schwan-
nomas or neurofibromas grow within the sacral canal and only rarely expand
through the anterior sacral foramina into the presacral space [39]. Schwannoma
(Fig. 7.10) consists of well-differentiated Schwann cells, is usually encapsulated
and cut surfaces have a pink, white, or yellow appearance. Classic histology
(Fig. 7.11a, b) shows a pattern of alternating Antoni A (cellular areas of spindle cells
with occasional palisading) and Antoni B (loose myxoid areas with scattered spin-
dle cells and thick-walled, hyalinized vessels) areas. Degenerative changes such as
cyst formation, calcification, hemorrhage, and hyalinization may be present,
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Fig.7.10 A gross image of a sacral schwannoma

especially if the tumor has been there for a long duration. Ancient schwannoma is
characterized by Schwann cells with large and hyperchromatic nuclei, the manifes-
tation of degenerative change. Schwannomas with increased cellularity and occa-
sional mitoses are referred to as cellular schwannomas, a variant of schwannoma.
These variants of schwannoma behave similar to conventional schwannomas.
Immunohistochemically, schwannomas express strongly and diffusely S-100 pro-
tein as well as SOX10, a new marker of neural crest differentiation [40].
Neurofibroma, originating from sacral nerve roots, is composed of Schwann cells,
perineurial-like cells, fibroblasts, and axons and are associated with a myxoid or
fibrous stroma.

Malignant transformation can occur, often seen in the setting of neurofibromato-
sis type 1. Differentiation of benign and malignant neoplasms can be difficult, but
increased size, rapid growth, infiltrative border, necrosis, increased cellularity, and
increased mitotic activity with atypical mitosis favor malignancy. Cellular schwan-
noma can be misdiagnosed as malignant peripheral nerve sheath tumor (MPNST)
(Fig. 7.11c). Morphologic features distinguishing cellular schwannoma from
MPNST are the presence of perivascular accentuation of cellularity, tumor hernia-
tion into vascular lumens, presence of necrosis, and loss of expression of H3K27me
[41].

Other rare neurogenic tumors include sacral ependymomas that arise from epen-
dymal cells of the terminal filum, expand the sacral canal, and are usually of the
myxopapillary type. Sacral meningiomas are even more rare than sacral ependymo-
mas and schwannomas and arise within the sacral canal. Neuroblastoma is derived
from embryonic neural crest tissue and clinically manifests in infancy.
Ganglioneuroma is originated from sympathetic ganglion cells [39]. Ependymomas
and meningioma have both benign and malignant variants.



114 M.M. Bui et al.

s

& - oY Yk 2

)
A

,
L

LTy i
&\(‘1":’?\

’
™

Ly

4

- :
) . .?? -*‘I'r""-\‘. : Tk -
¢ R %“-
r . o .’ ‘__- \ -’.f:.‘.‘f:? *Jir{*!? ?, b ! o g~ -.

[l r . b Y S ” T -

! 'fx’i.’- "‘:- -’/; )"‘M“‘Eﬁﬂ_‘;’.-a -'s’ "-'} W Ay ey
ey h&‘:jf:;,u Fa ey WA o ETRUY o
R NRNE TN TCAT e BN A cstetba 5 . N ORINT

Fig. 7.11 Microscopic images of neurogenic tumors. (a) Schwannoma x200 Antoni A. (b)
Schwannoma x200 Antoni B. (¢) Malignant peripheral nerve sheath tumor
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Fig.7.11 (continued)

7.2.3 Aneurysmal Bone Cyst

Aneurysmal bone cyst (ABC) is a benign tumor. Grossly it is well defined and com-
posed of blood-filled pseudocystic spaces. The cysts lack specific cell-lining and
consist of a wall of spindle cells with scattered osteoclast-type multinucleated giant
cells. The neoplastic cells are spindle shaped and indistinguishable from reactive
fibroblasts and myofibroblasts. However, the tumor cells show USP6 rearrange-
ment in 70% of ABC [42]. The spindle cells are bland. Mitoses may be frequent
without atypical forms. Reactive woven bone may be seen with osteoblastic
rimming.



116 M.M. Bui et al.

7.2.4 Other Rare Benign Primary Intraosseous Sacral Lesions

Although the true incidence has not been established, the lesions listed here
(Table 7.6) rarely occur in sacrum. The diagnosis is mainly based by histologic
examination with clinicoradiological correlations. Ancillary testing is not widely
used for diagnosis. The ancillary testing described in Table 7.6 are mostly for aca-
demic interest except for fibrous dysplasia and Langerhans cell histiocytosis.

7.2.5 Sacrococcygeal Teratoma

Sacrococcygeal teratoma is a germ cell tumor and the most common sacral tumor in
neonates, although it is very rare in adults [39]. These tumors are composed of mul-
tiple tissues foreign to the tissue in which they arise, which usually include skin,
teeth, central nervous system tissue, and respiratory and alimentary mucosa. Mature
teratoma (dermoid cyst) is benign and most common. Struma ovarii is a rare form
of mature teratoma that contains mostly benign thyroid tissue. Immature teratoma is

Table 7.6 Rare benign primary intraosseous sacral lesions

Ancillary
testing for
Name Nature Histology diagnosis
Chondroblastoma | Neoplastic Round to polygonal chondroblasts S-100 protein
with round to ovoid nucleus exhibit | and SOX9
longitudinal grooves and well- expression by
defined cytoplasmic borders. Well. HC
“Chicken wire” calcifications and
multinucleated osteoclast-like giant
cells are seen
Chondromyxoid Neoplastic A lobular pattern with cellular S-100 protein
fibroma stellate or spindle cells at the and SOX9
periphery and less cellular center expression by
with myxoid or chondromyxoid IHC
matrix. Multinucleated osteoclast-
like giant cells, hyaline cartilage and
calcification are seen
Osteochondroma Neoplastic Perichondrium, cartilage, and bone None
Osteoid osteoma Neoplastic Nidus consisting of a combination of | Runx2 and
osteoid and woven bone surrounded | Osterix
by osteoblasts. The nidus is vascular
rich with the appearance of
granulation tissue. The nidus is
surrounded by sclerotic bone
Osteoblastoma Neoplastic Similar features as seen in osteoid None
osteoma
Fibrous dysplasia | Neoplastic Bland spindle fibroblastic cells GNAS mutation
admixed with irregular bony spicules
without osteoblastic rimming
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Table 7.6 (continued)

Ancillary
testing for
Name Nature Histology diagnosis
Langerhans cell Likely Langerhans cells are specialized CDla, CD207/
histocytosis/ neoplastic histiocytes with nuclear grooves Langerin, and
eosinophilic (reniform nuclei), which are CD45
granuloma admixed with inflammatory cells expression by
including prominent eosinophilia HC
Paget disease Nonneoplastic | Increase in osteoclastic resorption None
metabolic and secondary bone formation
disorder of resulting in a disorganized and
bone fragile lamellar bone mosaic pattern
remodeling
susceptible to
deformities
and fractures;
increased risk
to primary
bone
malignancy
Monostotic or
polyostotic
Simple bone cyst | Nonneoplastic | Unilocular cysts of bone with a None
fibrous membrane lining. The cyst
contains serous or serosanguineous
fluid

uncommon which differs from mature teratoma by the presence of immature tissue
and exhibits malignant clinical behavior.

7.2.6 Developmental Lesions

Sacral meningocele is a cerebrospinal fluid-filled protrusion of the meninges
through a defect in the sacrum [39]. Benign sacral meningeal cysts are frequent
coincidental findings in the radiological examination of the sacrum, and their patho-
genesis is poorly understood.

7.2.7 Intraoperative Pathologic Evaluation of Bone

and Soft Tissue Lesions

Intraoperative pathologic diagnosis of bone and soft tissue lesions is an important
yet challenging tool in clinical musculoskeletal oncology practice. Indications for
frozen section include making a diagnosis, evaluating margin status, determining
tumor extent/spread, and obtaining an adequate sample for permanent section and
diagnosis. Frozen section pathological evaluation provides real-time guidance to



118 M.M. Bui et al.

therapeutic intervention. In our practice, intraoperative cytology is used as an
adjunct to frozen section. This approach has proven useful to enhance the accuracy
of diagnosing bone and soft tissue lesion [43, 44], including sacral lesions.
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Giant Cell Tumor of the Sacrum

Andreas F. Mavrogenis, Georgios N. Panagopoulos,
Andrea Angelini,and Pietro Ruggieri

8.1 Introduction

Giant cell tumors (GCTs) are relatively common, locally aggressive benign neo-
plasms of bone that demonstrate a high risk for local recurrence and an occasional
propensity for metastatic dissemination [1, 2]. The sacrum is the third most com-
mon location of GCTs after the knee and distal radius and the most common loca-
tion in the axial skeleton [1-4]. Most affected patients are between 20 and 40 years
old, with approximately 70% of cases occurring in this age group [1].

Sacral GCT is often initially a silent disease, with the patient frequently remain-
ing symptomless until the tumor reaches an alarming size [5]. The optimal treatment
of GCTs of the sacrum is a controversial topic in orthopedic oncology [6]. Although
generally considered benign, sacral GCTs and their treatment can be associated with
a disproportionately high morbidity. Structures potentially at risk, as a result of both
tumor extent and standard treatments, include the lumbosacral nerve roots, iliac ves-
sels, bony integrity of the pelvic ring and hip, bladder, ureters, and rectum [6].

8.2 Epidemiology

GCTs of the bone account for 4—10% of all primary bone tumors and approximately
20% of all benign bone tumors [1, 2, 7-9]. Patients present most often in the third
decade of their life, with approximately 80% of lesions occurring between 20 and 55
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years of age [1, 7, 10]. It is very unusual for a GCT to occur in patients younger than
20 or older than 55 years [1]. There is a slight predilection for females, with ratios
ranging from 1.1:1 to 1.5:1 [11]. Even though GCT affects all races, there is a
strangely high prevalence of 20% and 30% in China and Southern India, respec-
tively, that has not quite been explained to date [7, 11]. GCTs of the bone typically
affect the meta-epiphyseal region of long bones (75-90%), with approximately
84-99% of lesions extending to within 1 cm of subarticular bone [11-14]. Most of
these tumors occur around the knee, with this location accounting for 50-65% of all
cases [7, 11-14]. The single most common site is the distal femur (23-30%), fol-
lowed by the proximal tibia (20-25%), the distal radius (10-12%), the sacrum
(4-9%), and the proximal humerus (4-8%) [3, 12, 14]. This makes the sacrum the
most common location after the knee and the distal radius as well as the most com-
mon location of GCT in the axial skeleton [15—18]. In the sacrum, GCT is the second
most common bone tumor (15%), preceded by chordoma (25%) and followed by
aneurysmal bone cyst (13%), chondrosarcoma (12%), and osteosarcoma (8%) [19].

8.3  (linical Presentation and Diagnosis

The onset of symptoms in patients with GCT of the sacrum is generally insidious,
with the patient typically complaining of a slowly progressive problem evolving
over several months. Alternatively, the tumor might remain silent in its initial stages,
being easily misdiagnosed or diagnosed with significant delay when the tumor
reaches a critical size. Furthermore, superimposition of bowel gas on radiographs
and a frequent lack of clinical awareness may cause for the tumor to be missed, even
by otherwise experienced clinicians [5]. Symptoms, when present, usually include
localized lower back pain that may radiate to one or both legs, frequently mistaken
for sciatica [2, 16]. Neurological symptoms, if at all present, may be subtle [20];
vague abdominal discomfort, early satiety, a progressive change in bowel or bladder
habits, and sexual dysfunction have been described [2, 16, 18]. A unilateral lesion
to the S2 or S3 nerve root usually leads to mild or moderate bladder, bowel, and/or
sexual dysfunction. A bilateral lesion of the S2 or S3 roots always results in com-
plete bladder, bowel, and sexual dysfunction [21, 22]. Thus, the diagnostic workup
should be thorough.

A careful patient history should be obtained, and a complete physical exam,
including abdominal, neurological, spine, and rectal assessments, should be con-
ducted. As radiographs frequently fail to demonstrate the full extent of the disease,
a CT and MR imaging scan should be subsequently obtained for a full anatomic
assessment of the tumor and evaluation for a potential invasion of surrounding
structures or associated soft tissue masses. Bone scintigraphy, even though likely to
reveal nonspecific increased activity, is usually also recommended, to evaluate for
noncontiguous disease [23]. A staged biopsy is usually the next necessary step in
the clinical assessment of the disease in most cases, as the differential diagnosis of
sacral tumors is extensive [2]. The minimally invasive nature of true-cut needle
biopsy seems to be the most oncologically sound. A transrectal or transvaginal
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biopsy should not be performed in any case, since it violates the containing mem-
branes of presacral fascia and periosteum, exponentially increasing the risk for
inadvertent tumor seeding [24]. If preoperative core needle biopsy has not been
performed, an intraoperative frozen section can also be done [25].

8.4 Imaging

In long bones, the radiographic appearance of GCT is rather characteristic, appear-
ing as an eccentric, lytic lesion with a nonsclerotic and sharply defined geographic
border [25-27]. Lesions often demonstrate a prominent trabeculation, sometimes
referred to as soap bubble appearance [11]. However, these characteristics may be
impossible to appreciate in sacral GCTs. The sacrum is difficult to evaluate fully on
radiographs because it is often obscured by overlying stool or bowel gas.
Furthermore, the sacrum does not have a distinctive trabecular pattern that can be
assessed for disruption. Thus, conventional radiography has a limited sensitivity
and may rarely reveal gross calcification or ossification in adjacent soft or an associ-
ated contiguous pelvic mass [24]. Therefore, the presence of these signs or, more
frequently, a high index of suspicion in absence of concrete findings in radiography
should warrant further imaging with CT, MRI, or a bone scan.

CT and MR imaging provide for a superior delineation and staging of GCTs of
the sacrum [24-27]. CT is particularly useful for the identification of cortical thin-
ning, pathologic fracture, periosteal reaction, assessing the degree of osseous
expansile remodeling, confirming the absence of matrix mineralization [11], and
guided biopsy [24]. MRI is superior to CT in delineating tumor soft tissue exten-
sion. On MR imaging, GCT typically shows low to intermediate signal intensity on
T1-weighted sequences and intermediate to high signal intensity on T2-weighted
sequences [25]. A cystic appearance with fluid-fluid levels from secondary cyst for-
mation or aneurysmal bone cyst-like changes is present in 10-14% of GCTs (sec-
ondary ABC), especially in the pediatric age group [11, 26, 27]. Therefore, when
possible, MR imaging should be the imaging modality of choice to specify the diag-
nosis, tumor extent into the sacral canal, neurovascular involvement, and preopera-
tive planning [28, 29].

Bone scintigraphy demonstrates increased radionuclide uptake in the vast major-
ity of GCTs [30]. Its main role in GCT of sacrum is for evaluation of the presence
of noncontiguous disease. Increased radionuclide uptake peripherally with photope-
nia centrally (the “donut sign”) is another pattern reportedly seen in 57% of cases
[31]. Increased uptake in bone across an articulation and in adjacent joints is also
common (62%) and should not be mistaken for tumor extension. This phenomenon
is termed “contiguous bone activity” and is due to increased blood flow and disuse
osteoporosis [30-32]. Finally, angiography in GCTs of the sacrum is typically per-
formed in the context of transcatheter, preoperative, therapeutic arterial emboliza-
tion, aimed to reduce blood loss during surgical resection, as the majority of these
lesions are hypervascular (60-65%) [11, 16, 18]. It can also be done repeatedly as
primary treatment [16, 33-35].
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8.5 Pathology

In gross examination, GCT of the bone is usually a soft, friable, fleshy, red-brown
mass with yellowish areas. The cortex may or may not be involved initially, but it
can be ultimately destroyed, with the original bone contour expanded. There may be
evidence of hemorrhage, hemosiderin deposition, cyst formation, necrosis, and
pathological fracture [1]. A secondary ABC can be seen in 10-14% of GCT of the
bone [25]. Microscopically, the basic pattern of giant cell tumor is that of a moder-
ately vascularized stroma with oval or plump, spindle-shaped mononuclear cells
uniformly interspersed with multinucleated giant cells [1]. The spindled-shaped
mononuclear cells have poorly defined cytoplasm and spindle-shaped nuclei and
show variable degrees of mitotic activity. They are thought to represent the proper
neoplastic cell population [25]. The multinucleated, osteoclast-like giant cells have
eosinophilic cytoplasm and vesicular nuclei and are thought to constitute a reactive
cell population in the context of the tumor [25].

From a molecular biology standpoint, RANKL is highly expressed by the neo-
plastic mononuclear stromal cells. It has been demonstrated that the RANK-
RANKL interaction and the macrophage colony-stimulating factor (M-CSF) play
an important role in osteoclastogenesis by stimulating recruitment of osteoclastic
cells from blood-borne mononuclear osteoclast precursor cells that differentiate into
multinucleated osteoclast-like giant cells [36-38]. Cytogenetically, the most com-
mon chromosomal aberrations in GCTs (50-70%) are represented by telomeric
associations, a chromosomal end-to-end fusion [39, 40]. Telomere length mainte-
nance is thought to be an important key factor in the pathogenesis of GCT [41].
Recently, a driver mutation has also been identified in H3F3A, in 92% of GCTs
[42]. Furthermore, allelic losses of 1p, 9q, and 19q are common in primary, recur-
rent, and metastatic GCTB [39]. Mutations of TP53 and HRAS are seen in second-
ary malignant GCT, probably playing a role in malignant progression [43, 44].

8.6 Biological Behavior

Approximately 25% of conventional GCTs are considered to be locally aggressive
on clinical and radiological grounds [45]. These tumors show extensive bone
destruction, cortical expansion, and soft tissue invasion [46]. One of the major
issues within GCT of bone is the propensity to local recurrence. After simple curet-
tage, 25-35% of GCTs recur, typically within 2-3 years [4, 46]. Neither local
aggressiveness nor recurrence has been associated with any specific histologic find-
ings [1]. GCT has a 2-5% incidence of metastasizing to the lung an average of 3—4
years after primary diagnosis, with the risk being greater in locally recurrent tumors
[10, 26]. Pulmonary metastases in GCT (sometimes called benign pulmonary
implants) are typically slow growing and usually amenable to surgical resection
with a prospect for cure [47, 48]. Even though some patients might succumb as a
result of multiple lung lesions, prognosis is favorable in more than 70% of patients,
and some metastatic foci may resolve spontaneously [2, 49].
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Currently, there are no reliable predictors of recurrence or metastatic disease.
A recent array comparative genomic hybridization study of 20 frozen tumors has
shown that 20q11.1 is frequently amplified in GCT, and its presence correlates
with the occurrence of metastatic disease [50]. True malignant variants of GCT
also exist. Kransdorf and Murphey [11] describe a modification of a classification
of malignant GCT previously reported by Mirra et al. [51]. They distinguish
benign metastasizing GCT, which corresponds to the previously described disease
with occasional lung nodules; true malignant GCT, which is defined as a high-
grade sarcoma arising in a GCT (primary) or at the site of a previously docu-
mented GCT (secondary); and, finally, giant cell-containing sarcoma, most
commonly occurring in association with other processes, such as severe polyos-
totic Paget’s disease. Secondary malignant GCT is the most common malignant
variant, representing about 87% of such cases [11]. A history of pervious radia-
tion therapy is reported in 76% of the patients with secondary malignant GCT,
usually after a delay of 10 or more years [52]. With the decline in the use of thera-
peutic irradiation for giant cell tumors, radiation-induced sarcoma has become
exceedingly rare.

8.7 Treatment

Optimal treatment for GCT of sacrum remains challenging and controversial.
Several treatment options have been proposed, but all have disadvantages regard-
ing tumor control, complications, and functional outcome (Fig. 8.1). Additionally,
published case series are small and surgical approaches heterogeneous, impeding
comparison of results (Table 8.1) [4-6, 15, 16, 18, 33-35, 45, 53-57]. The stan-
dard treatment for a giant cell tumor is aggressive curettage followed by adjuvant
phenol, hydrogen peroxide, high-speed burring, liquid nitrogen or argon beam
therapy, and bone grafting or cementation [6, 35, 55, 58-60], or wide excision [22,
61-64]. Although recurrence rates are lowest after en bloc resection (0-16%),
curettage with local adjuvants is preferred because it presents less morbidity and
functional impairment, with a recurrence rates ranging from 0 to 33% [25, 65-68].
When local adjuvants are not utilized, the mean recurrence rate is approximately
42% (21-65%) [69, 70].

Surgical management of GCT of the sacrum is more complicated, mostly as a
result of late discovery, large size, spinal or pelvic instability, and frequent involve-
ment of nerve roots [15-17]. In case of extended involvement of the proximal part
of the sacrum, total sacrectomy has been advocated, as it has been associated with
low local recurrence rates (0-8%) [18]. However, as there is a high risk of infection
(18-46%), neurological deficits (24-38%), and bladder, rectal, or sexual dysfunc-
tion (18—47%), it could be considered overtreatment for an essentially benign tumor
[64, 71]. Partial sacrectomy is less mutilating and can be performed for sacral
involvement distal to the S2 segment, allowing for preservation of bowel and blad-
der function without the need for lumbopelvic reconstruction [4]. Marginal resec-
tion can be performed for lesions distal to the S3 segment.
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Fig. 8.1 A comprehensive algorithm for the management of GCT of the sacrum
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Table 8.1 Summary of the most important published studies on the treatment of GCT of the
sacrum

Survival to local
Follow-up recurrence

Study Patients (n) | Treatment (months) (months)
McDonald et al. 14 Intralesional surgery | Mean, 84; 77% at 84 months
1986 [53] range, 48-312
Turcotte et al. 26 Intralesional Mean, 94; 67% at 84 months
1993 [54] surgery, radiation range, 84-396

therapy
Marcove et al. 7 Cryosurgery and Median, 147; | 71.4% at 147
1994 [55] intralesional surgery |range, 24-170 | months

and/or limited

excision
Lin et al. 2002 18 Selective arterial Median, 105; 69% at 120 months,
[35] embolization, range, 6-205 57% at 180 and 240

intra-arterial months; no

cisplatin significant effect of

cisplatin

Lackman et al. 5 Serial selective Mean, 90; 80% at 80.4 months
2002 [34] arterial embolization | range, 48-204
Leggon et al. 10 Radiation therapy, Mean, 96; 80% at 36 months
2004 [6] intralesional range, 11-254

surgery, and

chemotherapy
Hosalkar et al. 9 Serial selective Mean, 107; 78% at 108 months
2007 [33] arterial embolization | median, 94;

range, 46-254

Guo et al. 2009 24 Intralesional Mean, 58; 69.6% at 60 months
[15] surgery, median, 50;

intraoperative range, 25-132

occlusion of the

abdominal aorta
Ruggieri et al. 31 Intralesional surgery | Mean, 118; 90% at 60 and 120
2010 [4] with and without median, 108; months

postoperative range, 36-276

radiation therapy,

selective arterial

embolization,

phenol, and liquid

nitrogen
Thangaraj et al. 9 Curettage alone or Mean, 124; 33% at 19 months
2010 [16] with embolization + | range, 24-256

spinal stabilization

+ radiotherapy
Gaztainaga et al. 4 Intralesional surgery | Median, 132; | 0% at 32 months
2011 [56] and radiotherapy range, 32-144
Balke et al. 2011 10 Curettage and Median, 52; 20% at 12 months
[45] PMMA range, 15-133

(continued)
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Table 8.1 (continued)

Survival to local
Follow-up recurrence

Study Patients (n) | Treatment (months) (months)
Lietal 2012 32 Resection (25), Median, 42; 37.5% at 42 months
[57] curettage (7) range, 18-115
Chen et al. 2014 4 Intralesional Mean, 28; 0% at 25 months
[5] curettage and range, 25-33

zoledronic

acid-loaded cement

balls
Heijden et al. 26 Intralesional Median, 98; 54% at 13 months
2014 [18] excision with either | range, 6-229

local adjuvants,

radiotherapy, IFN-a,

or bisphosphonates

Curettage is less invasive, permitting salvage of nerve roots and visceral struc-
tures and maintenance of intrinsic spinal or pelvic support. However, curettage
results in relatively high recurrence rates, ranging from 10 to 37% [25]. Caution is
warranted with the application of local adjuvants such as phenol or liquid nitrogen
in the vicinity of neurovascular structures, as they can induce local necrosis and
transient nerve damage [18]. After curettage, spinal or pelvic stability should be
assessed and stabilization performed if needed. If at least S1 is preserved after intra-
lesional resection, reconstruction is generally unnecessary. If S1 is partially or com-
pletely resected, stabilization with iliolumbar screw fixation is preferred [25].

Selective arterial embolization can be performed serially as primary treatment,
or a precursor to surgery to reduce bleeding, as these tumors can be associated with
occasional catastrophic intraoperative hemorrhage [16, 33-35]. Systemic therapy
alternatives for GCT include bisphosphonates, IFN-a, and denosumab. Denosumab
is a human monoclonal antibody and RANKL inhibitor that blocks osteoclast matu-
ration and thus its osteolytic properties. It is currently approved for osteoporosis
treatment in postmenopausal women at risk for fracturing, to increase bone mass in
patients with prostate or breast cancer who are at risk for fracture due to androgen
deprivation therapy or aromatase inhibitor therapy, respectively, and for the preven-
tion of skeletal-related events in patients with bone metastases from solid tumors. It
has also been approved by the FDA for the treatment of adults and skeletally mature
adolescents with GCTB that is unresectable, or when surgical resection is likely to
result in severe morbidity [72]. A recent study has shown clear clinical benefits of
denosumab therapy [73]. Finally, another GCT treatment modality is represented by
radiotherapy. More used in the near past, it has now gone in misuse, due to concerns
for radiation-induced sarcoma. The reported risk of malignant transformation varies
between 0 and 5% [74, 75]. Nowadays, radiotherapy should be restricted to those
rare cases of unresectable, residual, or recurrent GCTB in which treatment with
RANKL inhibitors is not possible or has been proven to be ineffective and when
surgery would lead to unacceptable morbidity.
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Conclusion

GCT of the sacrum is a benign, but locally aggressive and rarely metastasizing
tumor. Aggressive surgery is usually associated with unacceptable morbidity.
Treatment decisions should be made by a multidisciplinary team composed of
experts in the field of musculoskeletal oncology. Definitive diagnosis should
be obtained by accurate imaging, including high-quality radiographs and at
least MR imaging. A CT-guided biopsy should complete staging and preopera-
tive planning, for histopathological confirmation of diagnosis. Preoperative
selective arterial embolization should be considered in all patients. Preferred
treatment is intralesional curettage with local adjuvants. If curettage is not fea-
sible, due to soft tissue extension or neurovascular compromise, neoadjuvant
systemic targeted therapy with denosumab should be considered, as it may
downsize the lesion and create a calcified rim around the tumor, making exci-
sion possible. If curettage is still impossible, en bloc resection may be consid-
ered. After surgery, spinopelvic stability should be assessed and reconstruction
performed if necessary. Radiotherapy should be restricted to multiple recurrent
of refractory GCT, and when denosumab is unavailable, contraindicated or
ineffective.
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Osteoblastoma of the Sacrum

Andrea Angelini and Pietro Ruggieri

9.1 Introduction

Osteoblastoma is a rare benign bone-forming tumor that accounts for approximately
1% of all bone neoplasm [1-4]. It may occur in any area of the skeleton, but it is
more frequently observed in the spine (mainly in the mobile segments whereas
sacrum is rarely affected) [1, 5]. Due to the rarity of the tumor and the usual delay
in diagnosis, the optimal treatment of sacral osteoblastomas is controversial [1, 5—
8]. Although benign, these tumors may occasionally pose a challenge in histopatho-
logic evaluation and differential diagnosis with malignant tumors as well as in the
choice of adequate surgical treatment [6, 7].

9.2 Epidemiology, Presentation, and Diagnosis

Sacral osteoblastomas are more rare than those affecting the mobile spine [1, 4],
accounting for about 7-17% of all spinal osteoblastomas [1, 5]. The typical presen-
tation is between 10 and 20 years of age [1, 2], with approximately 90% being
diagnosed before the age of 30 years [1, 2], and males being affected slightly more
frequently [1-5, 9-28]. Most patients with a sacral osteoblastoma remain asymp-
tomatic for a long period of time. Presentation tends to be with pain and neurologic
deficits, and there is often a delay of several months between onset of symptoms and
surgery due to the wide differential for low back pain seen in routine practice [9,
11]. In a series of 18 patients from a single institution, the mean duration of symp-
toms was 29 months, ranging from 1 month to 12 years [6]. Pain is the most com-
mon presenting symptom and is caused by mass effect and compression, even if
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osteoblastomas could become symptomatic secondary to involvement of nerves, or
because of pathologic fractures. Pain may be either localized, low back, or radicular
involving one or more lumbosacral nerve roots, sometimes with sensory defects.
Structures including the lumbosacral nerve roots, iliac vessels, the bony support of
the pelvic ring, the hip, the ureters, the bladder, and the rectum all can be jeopar-
dized [3,7,9, 11, 12, 29].

9.3 Imaging

The most important aspect in the imaging evaluation is the clinical suspect of a
sacral lesion. On plain radiographs, the sacrum can be frequently obscured by
overlying stool or bowel gas, but sometimes it is possible to identify an osteolytic
lesion. Osteoblastoma appears as a well-defined osteolytic lesion typically greater
than one cm in diameter that may expand the sacral bone. Minimal perilesional
bone sclerosis may be an additional finding. Calcifications, when present, are usu-
ally multiple. In some patients, osteoblastomas showing cortical destruction and
extension into adjacent soft tissue have an aggressive appearance. Nonetheless,
for more thorough evaluation and better defined spatial understanding, additional
imaging such as computed tomography (CT) scan or magnetic resonance imaging
(MRI) is required. Computed tomography (CT scan) is the preferred imaging
modality, since it can identify the lesion, degree of sclerosis, and extent of bony
involvement [30]. MRI has a limited role in spinal osteoblastomas because find-
ings can be misleading due to adjacent inflammatory changes [31]. The edema is
a nonspecific response of tissue to a stimulus of the tumor inflammation. In addi-
tion, visualization of the margin between the osseous and soft tissues is less
defined resulting in inaccurate diagnosis of aggressive or malignant lesions [32,
33]. The complementary evaluation of data from both CT scan and MRI is strongly
recommended for the preoperative imaging evaluation because while CT scan is
essential to properly look at the extent of bony involvement, MRI is complemen-
tary and should be obtained when possible to look at the canal, nerve roots, soft
tissues, and extraspinal extension.

9.4 Pathology

Osteoblastoma is a benign primary bone tumor composed of well-vascularized
connective tissue, in which there is active production of osteoid and primitive
woven bone [1-5]. It is defined histologically as a bone-forming neoplasm show-
ing woven bone spicules, which are bordered by prominent osteoblasts without
atypia. OBs have a wide spectrum of clinicoradiological and histopathological
features. Besides the classic OB, borderline tumors with radiological and histo-
pathological features between OB and osteosarcoma (OS), such as pseudomalig-
nant OB [34, 35], aggressive OB, or malignant OB [8, 36], exist. Moreover, a
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fraction of OBs may undergo malignant transformation [37, 38]. It is often diffi-
cult to distinguish an OB from an OS by routine histopathological procedures
alone [3]. Despite similar histologic features, there has not been confirmation of a
direct progression from osteoma to osteoblastoma, as well as few reports indi-
cated a malignant degeneration. Osteoblastoma-like osteosarcoma is an entity that
can be sometimes misleading and misdiagnosed [3, 8, 29, 39]. Although the exact
histopathologic differential diagnosis between osteosarcoma and osteoblastoma
may be difficult in some cases [7, 40], it is of clinical importance because the
prognosis and the treatment of the two tumor forms differ. OB generally shows an
active osteoblastic proliferation with regular alternation of osteoids and woven
bone spicules or trabeculae. Scattered foci of osteoclastic bone resorption may
appear, but the presence of destructive permeation of preexisting bone tissues is
the most helpful criteria in distinguishing OB from osteosarcoma [3, 41]. In some
cases of OB, large and plump osteoblasts with a hyperchromatic nucleus and
nucleoli, and occasionally mitoses, may be observed. Studies on COX-2 expres-
sion in osteoid osteoma and chondroblastoma suggested that COX-2 expression is
relatively frequent [42—-44]. Hosono et al. confirmed that there was strong and
diffused expression of COX-2 in OB, whereas it was only observed in the chon-
droblastic cells of osteosarcoma, concluding that this is a valuable immunohisto-
chemical marker in the differential diagnosis [41]. Moreover, current molecular
genetic examination may help solve this dilemma [29].

9.5 Treatment

Although a slow-growing benign neoplasm, osteoblastoma is challenging when it
occurs in a difficult location such as mobile spine or the sacrum. While osteoid
osteomas are most frequently treated because of the persistent pain associated
with them, osteoblastomas are treated both for pain and the increase in size,
which leads to destruction of bone and often can become alarming in the pelvis.
Although histologically similar to osteoid osteomas, which can be treated with
percutaneous ablation techniques and incomplete resections, osteoblastoma tends
to be more locally aggressive, of a larger size, and has a higher recurrence rate, as
well as a potential for malignant degeneration [8]. Treatment options include
radiation therapy, surgery with intralesional margins, surgery with intralesional
margins and radiation therapy, surgery with intralesional margins and local adju-
vants (phenol or cryosurgical techniques), and resection with wide margins. In
the largest review of 306 osteoblastoma cases from the Mayo Clinic, complete
treatment and long-term clinic follow-up were available for 75 patients only [3].
In that study, intralesional resection had a significant recurrence rate of 19%
(10/52), marginal resection 5.6% (1/18), and wide resection 20% (1/5).
Unfortunately, the authors did not explain the type of treatment and outcome of
the 13 cases of sacral osteoblastoma, and therefore we cannot get useful informa-
tion on this specific site [3].



140 A. Angelini and P. Ruggieri

9.5.1 Radiotherapy

The rationale in the use of radiation therapy is the improvement of local control
considering that spinal osteoblastoma has the highest recurrence rates of all loca-
tions due to the anatomic constraints such as the neurological structures and dura
mater [45]. Unfortunately, this has not been shown to prevent recurrence after inad-
equate excision [45, 46], and disadvantages include local adverse effects and the
potential for causing radio-induced sarcomas [39]. Marsh et al. in a review of 197
osteoblastoma cases conclude that “radiotherapy does not alter the course of the
disease and appears to be contraindicated” [47]. Through our literature review, we
were able to find only one case of sacral osteoblastoma treated with radiotherapy
alone: an 18-year-old boy treated to a dose of 45 Gy with regression of the lesion
and improvement in pain, motor, and sensory functions at 1 year of follow-up [25].
The insufficient follow-up of this report clearly does not justify to advocate the use
of radiotherapy alone.

9.5.2 Intralesional Surgery

Surgery with intralesional margins often can spare nerve roots, pelvic support, and
visceral structures depending on the location of the lesion. The disadvantage of
intralesional margins for such an aggressive benign tumor implies an increased risk
of local recurrence since this procedure leaves behind microscopic disease.
Generally, intralesional excision in the form of curettage, with or without addition
of local adjuvants, provides a good local control for sacral osteoblastoma [3, 7,
10-13, 21, 22, 27]. Ruggieri et al. reported a high number of intralesional excision
treatments in sacral osteoblastoma concluding that it is an effective treatment for
osteoblastoma although the recurrence rate was relatively high [6]. Fourteen patients
(82%) were successfully treated at first surgery and three patients (18%) after a
second time for local recurrence [6]. The other problem associated with intrale-
sional surgery is the robust blood supply, especially in the sacrum. As osteoblas-
toma is a hypervascular tumor, preoperative embolization can reduce intraoperative
bleeding and make surgery more feasible [48—50]. Recently, “ice ball freezing tech-
nique” using cryosurgical probe to freeze vascularized neoplastic tissue as an
adjunct to surgical excision has been promoted as treatment for highly vascularized
bone tumors [51]. Ruggieri et al. reported a case treated with intraoperative cryosur-
gery with “ice ball” technique in combination with two serial preoperative emboli-
zations, with good control of bleeding during curettage [6] (Fig. 9.1).

9.5.3 Sacral Resection
Resection with wide margins should theoretically minimize the chance of local

recurrence but at the cost of increase risk of surgical morbidity, especially for lesion
located proximal to S3 [19, 22, 52].
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Fig. 9.1 Osteoblastoma of the sacrum in a 19-year-old male. (a-b) CT scan axial images show
that the lesion is well limited and is surrounded by reactive sclerosis. (¢) CT-3D reconstruction
shows the anatomic relationship with vascular structures. (d—e) Intraoperative pictures. A cryosur-
gery has been performed as local adjuvant. (f) Specimen after curettage. Note the “ice balls”

9.5.4 Radio-Frequency Thermal Ablation

Image-guided radio-frequency thermal ablation (RFTA) reduces the pain and
improves the function and quality of life of patients with painful bone tumors. It has
been used to treat benign bone tumors and tumor-like lesions, and it is the gold-
standard procedure for most osteoid osteomas [53]. Even if osteoblastoma is histo-
logically similar to osteoid osteoma, this tumor can exhibit aggressive behavior, and
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recurrences are not uncommon after classic treatment by surgical excision or curet-
tage [54]. RFTA could be performed in the same way as for osteoid osteomas, using
electrodes with a longer active tip or a greater number of ablation sessions or multi-
tip array probes [55].

9.6 Oncologic Outcome

In our literature review, we were able to find only one case of sacral osteoblastoma
that died of disease [17]. Dal Cin et al. reported a 35-year-old man with osteoblas-
toma of the sacroiliac joint treated with partial resection. The pathologic examina-
tion revealed an intralesional margin, and the patient was subsequently treated with
chemotherapy and radiation therapy (without effect) and died 2 years after diagno-
sis [17]. The authors explained the aggressive clinical behavior with a possible
malignant transformation of the stromal component [17].

The recurrence rates for osteoblastomas of the spine after intralesional excision
have been reported between 10 and 19% [3, 56, 57], but the rate approaches 50% in
the more aggressive pattern. Some studies reported a correlation between the inci-
dence of recurrence and a previous inadequate treatment in non-referral centers [52,
58]. Boriani et al. [58], in a series of 50 osteoblastomas of the mobile spine, reported
an incidence of recurrence among “not intact” patients (cases already treated else-
where) significantly higher compared to “intact” patients (cases treated in the same
institution since the beginning): 50% vs. 5%. Some tumors are more prone to recur-
rence than others, and some factors relating to surgery may explain this, but the
molecular features driving this for osteoblastoma are not known. Also in authors’
experience, previous inadequate intralesional surgery was associated with higher
rate of local recurrence (40%—two local recurrences in five cases) than patients
primarily treated at a specialized tumor center with high levels of surgical and onco-
logic expertise (7.7%—one local recurrence in 13 cases) [6].
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10.1 Introduction

Osteoid osteoma is a benign bone-forming neoplasm, first described by Jaffe in
1935 [1]. Approximately 10% of all benign bone tumors are osteoid osteomas [2, 3].
It is found most frequently in the second to third decade of life, and there is a pro-
nounced male predominance (2:1 male-to-female predilection). Any portion of the
skeleton may be involved, but it is often found (50-60% of cases) in the long bones
of the lower extremity [3] and (between 19 and 31% of the cases) upper extremity
[4, 5], whereas about 20% occur in the spine [6]. Only 2% of spinal osteoid osteo-
mas are found in the sacrum [2, 7].

10.2 Epidemiology, Presentation, and Diagnosis

Patients with osteoid osteoma typically present with a significant well-localized
pain, which is often worse at night and is relieved by nonsteroidal drugs. This lesion
is rarely painless, although absence of pain has been reported [§—10]. In some cases
pain is not well localized by the patient and can be referred to a nearby joint or in a
limb. There are two hypotheses about the source of the pain in osteoid osteoma: (1)
abnormally high concentrations of prostaglandins (mainly prostaglandins E2 and
12) have been reported within the nidus, which causes local inflammation and vaso-
dilation [11, 12], as well as strong immunohistochemical staining for cyclooxygen-
ase-2 (COX-2) [13]; (2) pain may be mediated by the nerve fibers located in the
reactive bone around the lesion [14—16]. Back pain is a common symptom and this
fact may considerably delay the diagnosis of osteoid osteoma of the sacrum
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considering a lot of differential diagnosis. Complaints of pain are frequent and
mean duration of symptoms is about 12 months [17]. In recent years, however, MRI
or CT examination often is used to diagnose patients with back pain, shortening
therefore the delay in diagnosis.

10.3 Imaging

Tumors usually present as active, benign stage 2 lesions (Musculoskeletal Tumor
Society) and most typically arise from the articular process of S1. Radiographically
the majority of the osteoid osteomas were osteosclerotic with or without recogni-
tion of a nidus that appear as radiolucent area surrounded by a rim of dense reac-
tive bone. The nidus of an osteoid osteoma is always less than 2 cm in diameter.
As “giant osteoid osteomas” were historically defined, the rare cases in which the
osteoid osteoma is large (up to 2 cm) retaining the same clinical, imaging, and
histological features [2]. Sometimes osteoid osteoma may be obscured by reactive
bone and may not be readily visible in a radiograph. In patients with persistent
back pain, a bone scan should be obtained to check the existence of this lesion [2,
18]. Bone scintigraphy is constantly positive showing intense focal isotope uptake
centered in a less intensely positive and diffused halo (double density sign) [2,
18]. The extent of the isotope uptake is significantly larger than the radiographic
dimension of the nidus, encompassing the entire reaction about it. Thin-cut CT
scans (1 mm sections) are excellent for diagnosis and precise localization of the
nidus. Contrast is usually not needed. Central calcification may be observed
within the osteolytic nidus. Sometimes there is a zone of radiolucency between
the central area of mineralization and the surrounding reactive bone when ossifi-
cation of the nidus begins. Some authors reported the use of dynamic contrast-
enhanced CT to help differentiate osteoid osteoma from Brodie’s abscess,
demonstrating vascular flow within the lesion [19]. MR imaging usually shows
high signal intensity area in the muscles or bone around the lesion, or both were
seen on the T2-weighted image and may be useful for localizing rare intramedul-
lary or periarticular surface osteoid osteomas [20]. However MRI is inferior to CT
in depicting the nidus and strongly influenced by the inflammatory reaction of the
surrounding tissue.

10.4 Pathology

Grossly, the central nidus of osteoid osteomas appears small and hyperemic, pink
to cherry red colored. Histologically, the central portion is composed of abun-
dant, loose, fibrovascular connective tissue between contorted amorphous oste-
oid and woven trabeculae. Numerous osteoblastic rimming, osteoclasts
surrounding the bony trabeculae, and dilated capillaries are observed. The sur-
rounded host bone appears as reactive woven and trabecular bone, more or less
mature and sclerotic. Barlow et al., analyzing histologically 10 osteoid osteomas
and 20 osteoblastomas (10 spinal and 10 non-spinal), concluded that both tumors
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are innervated bone-forming lesions which share histomorphological and immu-
nohistochemical features, supporting the view that separate classification is
unjustified [21].

10.5 Treatment

In some cases, osteoid osteoma may be self-limiting: rare cases managed by nonsteroi-
dal anti-inflammatory drugs reported pain relief after some years and nidus regression;
however, its course is unpredictable and may be protracted. Once the osteoma osteoid
has been diagnosed, the physician should discuss nonoperative and operative treat-
ments with the patient. Most patients initially are treated with long-term oral adminis-
tration of nonsteroidal anti-inflammatory drugs and analgesic drugs [2, 22-25]. If this
treatment is ineffective, there are many other alternatives available [26-34].

10.5.1 Radiofrequency Thermal Ablation (RFTA)

Technological advances have allowed for the development of various percutaneous
procedures to treat osteoid osteoma. Percutaneous radiofrequency thermal ablation
(RFA) has proven to be an effective, reliable, minimally invasive technique in the
treatment of osteoid osteoma [32, 35]. The curative approach is operative removal
or deactivation of the nidus with RFTA [36], and most of the patients experienced
complete disappearance of the pain. If the treatment is not complete, pain persists
and additional operative intervention is necessary [37]. RFTA in the spine appears
as a safe technique if the lesion is not adjacent to neural structures and the bone
cortex is intact [32, 38]. Close proximity of the RFA probe to a neurovascular bun-
dle is a relative contraindication, but morbidities of other treatment options should
be considered.

10.5.2 Surgery

Conventional surgical treatment consists of en bloc resection or curettage of the
lesion, which is challenging in certain anatomical locations, such as the acetabulum,
femoral neck, spine, and sacrum. Although preoperative radiologic identification of
the nidus in osteoid osteoma is not difficult with bone scan, CT, or MRI, localization
of the nidus during surgery is difficult [7, 39]. Kirchner et al. [39] reported a probe-
guided technique for intraoperative detection of osteoid osteoma and curettage: they
injected 99 mTc-methylene diphosphonate 2—-3 h before surgery and then identified
the point of the maximum count rate during surgery and started curettage of the
lesion. They concluded that this method seems to be useful to obtain confirmation
of complete removal of the lesion by a continuous check of the count at the same
point. If open techniques are preferred, extended intralesional curettage should be
performed, and particular care should be taken to remove the entire nidus. Usually
no reconstruction may be needed.
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10.6 Oncologic Outcome

The recurrence rate after complete nidus excision has been reported to be in the
range of 0-25% [4, 7, 23, 37], often in cases in which the nidus was larger than
10 mm. If the tumor has not been excised completely, recurrences are more likely,
and it is advisable to carry out further cycles of RFTA to ensure complete removal
of the lesion. Specific imaging has proved ineffective to monitor the evolution after
treatment, and persistent symptoms appear the most indicative aspect of recurrent/
persistent disease.
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11.1 Introduction

Aneurysmal bone cyst (ABC) is a benign, reactive, expansile, highly vascular
osteolytic tumor-like bone lesion of unknown origin [1, 2]. In about 30% of
cases, it is found as secondary lesion to underlying bone diseases (giant cell
tumor, osteoblastoma, chondroblastoma, angiosarcoma, and osteosarcoma),
while in the other cases it occurs as a primary lesion. Primary ABCs are rare
lesions, and their prevalence is about 1% of all primary tumors and about half
that prevalence of giant cell tumors [1, 3]. The appearance at imaging evaluation
is variable, and sometimes the differential diagnosis with malignant lesions is
difficult [1-4]. The behavior of ABC is unpredictable: occasionally it may grow
slowly or undergo spontaneous regression [5-7], but usually it grows with
aggressive major bone destruction, pathological fracture, and high local recur-
rence rate [3, 8-10].
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11.2 Epidemiology, Presentation, and Diagnosis

The sacrum is a relatively rare location for ABC, accounting for less than 4% of
reported cases [1-4, 9—11], but this histotype represents 15% of all primary sacral
tumors. In a series of 289 patients, sacrum was involved in only 4% of the cases [2].
Duration of symptoms prior to diagnosis can reach 2 years. Diagnosis of sacral
lesions is difficult due to the nonspecific low-back pain pattern as well as the diffi-
culty in visualization of the lesion on AP radiographs of the pelvis [12]. The most
frequently misinterpreted symptoms include radiating pain in the lower extremity
that involved the thigh [3]. Moreover, factors associated with delayed diagnosis are
inadequate physical examination not including rectal palpation and the use of gonad
shields during radiographs of the pelvis. Pain is the main clinical presentation
symptom in about all of the reported cases in literature, occasionally associated with
localized mass or palpable presacral mass on rectal examination [3]. Neurological
signs and symptoms are related to sacral roots involvement, ranging from sphincterial
deficiency, leg paresthesias or weakness, up to loss of muscle function. Rarely, a
pathologic fracture may occur with acute paraplegia or cauda equina syndrome.

11.3 Imaging

During the early course of the disease, lytic areas may not be recognized on plain
radiographs of the pelvis. In larger lesions, direct radiographs show an expansive
osteolytic cavity, which swells and sometimes destroys cortical bone. Fluid-fluid
levels are visualized most effectively with computed tomography (CT) or magnetic
resonance imaging (MRI) [13]. CT imaging reveals multiloculated lytic lesions
with multiple internal septations and it is useful for evaluation of bone stock and
planning surgery. However, definition and extension of the lesion are better accom-
plished with weighted MRI than with CT [14]. Multiple fluid levels are best seen on
T2-weighted MRI, supporting the diagnosis of ABC although not pathognomonic
for this entity. This appearance is also seen in the other bone lesions such as telan-
giectatic osteosarcoma, giant cell tumor, and chondroblastoma [1, 2]. Although
imaging studies are diagnostic methods for many cases, in literature it is noted that
biopsy is necessary and cautious for histopathologic confirmation.

11.4 Pathology

At histopathology, the lesion appears as typical spongy pattern. It consists of round-
ish spaces separated by septa and filled with blood. The septa are characterized by
histio-fibroblastic tissue rich in thin blood capillaries and almost always contained
benign-appearing multinucleated giant cells. The number of giant cells ranged from
sparse to abundant, but present in most of the cases. Bone formation is usually
observed, with a typical reactive pattern, quite variable, ranging from small foci
with osteoid production to extensive areas of woven bone trabeculae. A peculiar
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calcified matrix occurred either in the septa or in more solid areas and appeared
either as foci of calcification in chondroid-like areas or as filamentous calcification
simulating trabeculae of bone. Considered for several years a pseudotumoral lesion
of uncertain origin, currently it has been associated with a specific pattern of genetic
alterations that result in the activation of the gene USP6 located on 17 p132 [15].

11.5 Treatment

For many years ABC has been treated as a benign bone tumor, and intralesional
curettage was widely considered the mainstay of treatment in order to avoid recur-
rence and future reoperations. The standard of cure was to remove as much of the
lesion as possible by curettage, followed by local adjuvant treatments and bone
grafting [3, 9, 16-20]. This method of treatment must be individualized in patients
with ABC of the sacrum, considering location, extent, and aggressiveness of the
lesion and the risk of profuse bleeding during surgery requiring multiple transfu-
sions or CSF leakage. Attempts at removing tumor and sparing nerve roots might
have been possible but are technically challenging [21]; in fact, an increasing num-
ber of authors have recommended the avoidance of aggressive curettage and instead
recommended minimally invasive or noninvasive procedures [20, 22, 23]. Arterial
embolization (alone or preoperative in combination with curettage), percutaneous
injection of sclerosing agents, drugs (steroid and calcitonin), or bone-inducing sub-
stances have all been reported [13, 24-34]. These new therapies are based on an
improved understanding of the biology of the tumor and may lead to pain control
and ossification of the lesion.

11.5.1 Open Surgical Curettage

ABCs are generally managed by intralesional curettage and bone grafting when
long bones of the extremities are involved [9, 16—18]. Avoidance of potentially
damaging curettage procedures is particularly important in ABCs of the pelvis and
sacrum where special factors need to be considered: relative inaccessibility, signifi-
cant potential for severe intraoperative bleeding, vulnerability of the sacroiliac joint,
proximity to neurovascular structures, and risk of nerve damage [3, 35-37].
Preoperative angiography and selective embolization therapy have been proven to
help minimize these complications for lesions larger than 5 cm [1-4, 22, 24, 25, 29,
37-39]. The procedure should be performed by an experienced interventional radi-
ologist to minimize the risk of permanent tissue necrosis. The use of a large bone
window [40], a high speed burr [16], and adjuvant therapy with phenol or liquid
nitrogen [19, 41-43] has been advocated in order to reduce the risk of local recur-
rence. On the other hand, some authors suggest to avoid local adjuvants in sacral
lesions. Papagelopoulos et al. [3] reported a series including 12 patients treated for
their sacral ABC with excision-curettage. They chose a posterior surgical approach
avoiding the use of adjunctive chemical cautery, and performed a dissection and
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preservation of the neural elements whenever possible, with no recurrence within a
mean follow-up of 19 years. [3]. Neurological complications in patients with sacral
lesions were more likely to be observed comparing to other sites.

11.5.2 Selective Arterial Embolization

Considering the good results reported in literature with selective arterial emboliza-
tion, it represents the first treatment option for sacral ABC [22] (Fig. 11.1). The
technique is a less invasive, more feasible, effective, and repeatable alternative
method in cases in which surgery carries significant morbidity, even if the effects
can be variable [24, 25]. Some reports suggest that ongoing increase in lesion size
or initial unresponsive results can occur, requiring repeated embolization [24, 25].
Exclusion criteria for this modality of treatment include structural instability, patho-
logical or impending fracture, neurological deficits, and technical feasibility.

11.5.3 Sclerosing Agents Injection

The injection of sclerosing agents has been used for ABC in the limb [26], whereas
this technique is not recommended in axial lesions (especially in the sacrum)
because of possible nerve damage and meningitis [28] caused by the extrusion of
the material.

11.5.4 Bone Induction Agents Injection

Recently, the use of bone induction agents to treat ABC is debated. The rational of
treatment is to interrupt the destructive osteoclastic process and promote spontane-
ous bone regeneration. Several materials have been used in clinical setting with
conflicting results. Calcium sulfate injections do not appear to be effective [32],
whereas demineralized bone matrix seems to be effective, possibly because it
induces the bone morphogenic process [44].

Donati et al. reported a case of ABC of the sacrum treated unsuccessfully with
arterial embolization. The patient was then treated with percutaneous injection of
demineralized bone matrix together with bone marrow concentrate, with evidence
of progressive bone production inside the cystic area at 6 and 12 years of follow-up
[45]. However, more research on the effectiveness of this technique is needed.

11.5.5 Denosumab
Denosumab is a human monoclonal antibody that inhibits RANKL (receptor activa-

tor of nuclear factor kappa-B ligand), reducing bone resorption. The drug has been
approved for treatment of osteoporosis and bone metastasis and has been reported
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Fig. 11.1 Results after treatment of ABC of the sacrum with selective arterial embolization. (a)
Digital subtraction angiography (left corner) shows the pathological tumor vascularization arising
from branches of the internal iliac arteries; axial CT scan (right corner) of the pelvis shows an
osteolytic lesion extending to the anterior and posterior sacral space; coronal CT scan (below)
shows the involvement of proximal sacral vertebrae. (b) The same imaging studies after emboliza-
tion show complete occlusion of tumor vascularization and healing of the lesion as evident by
ossification and tumor size reduction. The patient is asymptomatic
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Fig.11.1 (continued)

active and useful for medical treatment of giant cell tumor of bone. Recently,
RANKL has been associated also with ABC growth, justifying use of denosumab as
medical treatment [15, 46, 47]. Skubitz et al. reported a gradual pain resolution in a
27 years old male with sacral ABC treated with denosumab administration for
11 months [48]. They confirmed the absence of giant cell and presence of new bone
formation at biopsy performed during follow-up. Ghermandi et al. reported good
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results in term of pain relief and complete ossification of the lesion in two cases
unresponsive to selective arterial embolization treated with multiple administration
of denosumab [49]. However, many questions remain regarding the use of deno-
sumab in ABC and, awaiting further confirmations from ongoing studies, may be
useful in cases not amenable to surgical interventions and unresponsive to selective
arterial embolizations.

11.5.6 Radiation Therapy

Radiation therapy as adjuvant treatment or alone has been suggested in the past as
possible treatment for ABCs that are difficult to access by surgery, but currently it
is not recommended to minimize the risk of postradiation sarcoma and severe com-
plications including osteonecrosis, gonadal damage, and myelopathy [9, 13, 50—
53]. Radiation should be reserved only for selected local recurrence cases.

11.6 Oncologic Outcome

Recurrence is reported in 10-44% of the cases [9, 10, 50]. Papagelopoulos et al.
reported a recurrence rate of 14% on 35 primary ABCs of the pelvis surgically
treated [3], and Capanna et al. reported a similar recurrence rate (13%) on 23 ABCs
of the pelvis [54]. Recurrences are associated with incomplete excision [3, 9, 10].
Malignant transformation of ABC is extremely rare [55].
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12.1 Introduction

Nerve sheath tumors comprise only a small portion of the wide variety of lesions
that occur in the sacrum [1-5]. Schwannomas (neurilemomas) are benign, slow-
growing neurogenic tumors arising from Schwann cells of the peripheral nerve
sheath. Sacral schwannomas are exceedingly rare, with merely around 50 cases
reported in related literature [6]. Due to their largely indolent nature, the mobility of
the sacral nerve roots, and the generous width of the sacral canal, sacral schwan-
nomas frequently grow to a considerable size prior to detection; hence, giant sacral
schwannomas are often described in related reports [7, 8]. Although benign, these
tumors may occasionally pose a surgical challenge, as en bloc resection may be
associated with disproportionally high surgical morbidity [9].

12.2 Epidemiology

Sacral schwannomas are decisively more rare than the common spinal schwanno-
mas [6], accounting for less than 1-5% of all spinal schwannomas [6]. Schwannomas
usually occur in individuals between 20 and 50 years of age with no gender predi-
lection; they are associated with von Recklinghausen’s disease (neurofibromatosis
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type II) in 18% of cases [10]. Schwannoma can involve the sacrum in one of three
ways: (1) secondary erosion by an extraosseous tumor; (2) tumor arising from a
nerve coursing through a canal and causing erosion of the bone, creating a
dumbbell-shaped configuration; or (3) tumor arising centrally (intramedullary or
intraosseous) [11]. The first two mechanisms are more common. Intraosseous
schwannomas are exceptional, accounting for less than 0.2% of all primary bone
tumors, with fewer than 200 cases described in literature, in all locations [12-21].
Intraosseous schwannomas have also been described in a setting of neurofibroma-
tosis type III (schwannomatosis) [21]. Giant intraosseous sacral schwannomas
were first reported by De Santo et al. in 1940 [17], and so far, approximately 50
cases have been reported [6, 18, 19].

12.3 Presentation and Diagnosis

Most patients with a sacral schwannoma remain asymptomatic for a long period
of time. If present, symptoms are generally mild, and it is not until the tumor
becomes very large that patients notice pain or swelling [9, 19]. In a report, a
patient was harboring a sacral schwannoma for more than 25 years before the
onset of symptoms [22]. The mean duration of symptoms prior to diagnosis
ranges from 1 to 7 years [18, 20, 23, 24]. Pain is the most common presenting
symptom. It may be either localized, low-back, or radicular pain extending in
the distribution of one or more lumbosacral nerve roots. It may also be associ-
ated with sensory defects, such as paresthesias or dysesthesias. Urinary hesi-
tancy and retention, weak stream and overflow, or unconscious incontinence
may be present if bladder innervation is compromised. Patients may also present
with recurrent bouts of cystitis [6]. Complaints of constipation or an unpleasant
feeling of rectal fullness or pain (tenesmus) are alternative modes of presenta-
tion [6, 9, 23]. Potential physical signs previously described include lower
extremity muscle weakness, atrophy, decreased deep tendon reflexes (particu-
larly the Achilles tendon reflex), as well as diminished saddle and lower extrem-
ity sensation [9, 19].

Rectal examination is an important diagnostic maneuver in the setting of a sus-
pected sacral tumor. The mass is often palpable, permitting a further restriction of
differential diagnosis [24]. Neurogenic tumors are usually soft, firm, and off the
midline, whereas chordomas are often solid and irregular tumors occurring in the
midline of the axial skeleton [9]. A decisive aid in the definitive diagnosis of a sacral
schwannoma is biopsy. However, its use has been somewhat controversial. Some
authors sustain that biopsy is unreliable for the diagnosis of giant nerve sheath
tumors because of the secondary degenerative changes frequently present and
underline the potential risk of complications associated with the procedure, such as
infection or bleeding [18, 25-27]. Others, however, believe that biopsy is essential
for determining the treatment of choice or surgery type, as well as to exclude some
tumors that would not benefit from a surgical procedure, such as lymphoma [28-
30]. In the latter case, biopsy should be performed with oncological principles. The
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biopsy tract should be marked for possible resection, if pathology results yield the
presence of a malignant tumor, such as a sacral chordoma.

12.4 Imaging

In radiographs, the lesions are lytic, with a narrow sclerotic margin usually present
at the periphery. The bone contour may be expanded, but there is no periosteal new
bone formation. The cortex may be thinned or partially eroded, but no true cortical
destruction or extension into soft tissue is usually seen. Central calcification or ossi-
fication is absent [31]. However, radiography is almost always nonspecific, and the
overlying bowel shadow may frequently obscure bony details. Therefore, CT and
MR imaging provide a more complete and detailed assessment of the sacrum, also
demonstrating the relationship of the tumor with the anatomical structures present
within the pelvis. CT is superior in demonstrating bony detail, whereas MR imaging
allows for a better contrast for the study of soft tissue and provides a better display
in multiplanar views [8, 32]. On MR imaging, schwannomas are isointense to mus-
cle on T1-weighted and hyperintense on T2-weighted images. After administration
of contrast medium, central enhancement is typical [6]. In contrast, malignant
peripheral nerve sheath tumors tend to have content with heterogeneous contrast
enhancement [6]. Si et al. [8] performed a retrospective study on 49 patients with
sacral tumors aiming to define CT and MR imaging features that can safely differ-
entiate between sacral chordoma, sacral giant cell tumor, and giant sacral schwan-
noma. According to the authors, middle age, a midline and lower sacral location
with irregular and fuzzy bone residues, fresh bleeding, and ascending extension in
the sacral canal are characteristic features of sacral chordoma; in contrast, younger
age, eccentric or upper sacral location, incomplete bony shell, polycystic areas,
fluid-fluid levels, and involvement of the sacroiliac joints are features pointing
toward a giant cell tumor; finally, pressure bone erosion instead of bone destruction,
large and central cystic areas, and absence of adjacent muscle or sacroiliac joint
involvement are more likely to represent a giant sacral schwannoma [8].

12.5 Pathology

Schwannomas are composed entirely of cells with the immunophenotype and ultra-
structural features of Schwann cells. Macroscopically, intraosseous schwannomas
are soft, tan-gray lesions with sparse, yellowish, patchy areas. Cystic and myxoid
changes, as well as bleeding, are frequently seen. When the lesion is located in a
neural canal or foramen, a capsule may be discernible [11]. The microscopic fea-
tures of intraosseous schwannoma are similar to those of their more common soft
tissue counterparts [14]. There are, however, numerous schwannoma variants. In
their classic form, the tumors have two basic patterns: hypercellular or dense
(Antoni A) and hypocellular or loose (Antoni B). In Antoni A areas, schwannoma
cells are compactly arranged to form focally palisading structures (Verocay bodies).
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In Antoni B areas, schwannoma cells are widely separated by a loose intervening
collagenous matrix. Lesions may exhibit some nuclear atypia, with occasional mito-
ses. Long-standing schwannomas often show stromal and vascular degenerative
changes including central tissue loss with cystic formation, necrosis without nuclear
palisading, nuclear atypia, widespread hyalinization, and calcification [33]. Cellular
schwannomas differ from the classic type in that the dense Antoni A pattern com-
prises 90% or more of the tumor area with a more uniform pattern, a lack of Verocay
bodies, and a frequent lymphocytic infiltration [29]. A sacral melanocytic schwan-
noma has only been reported once [34]. Differential diagnosis should include neu-
rofibroma and malignant nerve sheath tumors. Neurofibroma is another benign
nerve sheath tumor that rarely involves the sacral region. It is composed of cells
with a polymorphic cellular phenotype. These include Schwann and perineural cells
as well as endoneurial fibroblasts [35]. Malignant nerve sheath tumors, such as
malignant schwannoma or neurofibrosarcoma, very rarely occur in the sacrum, as
well. Intrafascicular spread, local invasion, a fibrous pseudocapsule, gross areas of
necrosis, numerous mitoses, and pleomorphism are hallmark features. Previous
local radiotherapy may be a contributing factor to the development of malignant
nerve sheath tumors [36, 37].

Immunohistochemically, tumor cells are positive for vimentin and S-100 protein.
Differential diagnosis should include desmoplastic fibroma, well-differentiated
fibrosarcoma, fibrous dysplasia, and nonossifying fibroma. Schwannoma should
also be distinguished from a malignant spindle cell neoplasm [11]. Cytogenetic
analysis of schwannomas has determined the occurrence of a complete or partial
loss of chromosome 22, which bears the tumor suppressor gene NF2, as the most
frequent abnormality [38].

12.6 Treatment

The mainstay of treatment for the patients with Schwannomas is surgical excision.
Given the benign behavior of the tumors, excision can be accomplished by enucle-
ation or curettage. However, sacral excision is usually difficult due to large size,
robust blood supply, and frequent proximity to critical structures [9]. Furthermore,
available studies suggest that intralesional curettage alone is probably unacceptable
as it has a significantly high recurrence rate. In a series published by Abernathy
etal. [18], 13 patients with sacral schwannoma were treated with intralesional exci-
sion; their local recurrence rate was reported to be as high as 54%, with four patients
ultimately requiring reoperation. This data underscores the need for a more aggres-
sive approach, more similar to that employed for malignant sacral tumors. Thus,
most authors recommend en bloc resection as the most appropriate procedure for
sacral schwannomas [17-19, 39].

An important aspect of the surgical treatment of sacral schwannomas is the
choice of the surgical approach needed for efficient en bloc resection. This is often
dictated by the exact anatomical distribution of the tumor, with emphasis on the
amount of intrasacral and intrapelvic extension of the lesion. According to
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Abernathy et al. [18], tumor extension can occur in three directions: (1) in a ceph-
alad direction into the spinal canal, often intradurally; (2) track through the sacral
foramina; or (3) erode through the walls of the sacrum. Based on the anatomic
extension of the tumor, Klimo et al. [9] proposed a classification of sacral nerve
sheath tumors in an attempt to aid the selection of the appropriate surgical
approach. According to their work, a type I sacral nerve sheath tumor is one that
is confined to the sacrum; a type II (most common) has eroded either the anterior
or posterior sacral wall and spread to adjacent spaces; and a type III is confined to
the presacral space. They proposed the use of a posterior approach for type I, an
anterior approach for type III, and a combined anterior-posterior approach for
type II tumors. In a similar fashion, based on an extensive series of 48 patients
who underwent surgery for sacral neurogenic tumors, Wei et al. [40] proposed an
extended version of the previously mentioned classification system. According to
this revised scheme, tumors are classified into four types with respect to tumor
growth patterns. Type I tumors are confined to the intrasacral canal and manifest
as an enlarged and swollen sacral canal; type II tumors extend through the intra-
sacral foramina into the presacral space, typically forming a giant presacral mass;
type III tumors grow toward both the presacral area and the posterior subcutane-
ous tissue, forming a mass both anterior and posterior to the sacrum; and type IV
tumors are confined to the presacral space, with no tumor observed within the
sacral canal. For type I, as well as type II and type III cases in which the tumor
extends below S1, the authors employ a posterior approach. For type II and III
cases, in which the tumor expanded higher than S1, a combined anterior-posterior
approach is recommended. Finally, for type IV cases, the authors propose a single
anterior approach [40].

Two operating teams can typically perform a combined, simultaneous abdomi-
nosacral resection, with the patient in the left lateral position; this allows full pelvic
exposure and facilitates retraction of the sigmoid colon [41-43]. The “anterior”
team would access the presacral space, displace the ureters laterally, expose the
pelvic vasculature, and retract the rectum anteriorly. The “posterior” team would
fully expose the sacrum, identify the sciatic nerve, and perform a lumbosacral lami-
nectomy, to expose the sacral nerve roots. The sacrum would be then transected
proximal to the schwannoma. An issue that should be addressed intraoperatively is
the potential need for spino-pelvic reconstruction after tumor resection, if spinal
stability is compromised. Adequate pelvic stability is usually maintained with tran-
section at the S1-S2 interspace, or even at the L5-S1 interspace, if the lumbosacral
facets are preserved [42, 44]. However, the amount of bony destruction should be
individually assessed, and fusion should be performed when the continuity of the
sacroiliac joint is disrupted.

Every effort should be made to preserve the involved sacral nerve roots. Unilateral
preservation of the S2 and S3 can preserve urinary and rectal continence. Preservation
of these roots bilaterally should ensure urinary and anorectal continence.
Identification and preservation of the pudendal nerve (S2—S4) should ensure erectile
function. Bilateral sacrifice of all sacral nerves except the S1 will result in loss of
bowel, bladder, and sexual function [45-48]. In anterior surgery, care should be
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taken for a meticulous dissection and separation of the iliac arteries and veins and
rectum from the tumor. Infection, profuse bleeding, and wound breakdown are fur-
ther potentially catastrophic complications.

Adjuvant therapies such as embolization and cryosurgery have also been
described for sacral Schwannomas. Embolization is a useful adjuvant treatment to
reduce intraoperative blood loss during sacral surgery [49, 50]. Radiotherapy is gen-
erally avoided in the treatment of benign tumors, primarily because of the risk of
radiation-induced sarcomas or of malignant degeneration of the nerve sheath tumor
[9]. However, conventional external beam radiation therapy has been previously
reported in a patient with an incompletely excised sacral schwannoma [51]. On the
other hand, stereotactic radiosurgery has recently become an alternative therapy for
spinal tumors and could also presumably become a cytoreductive adjuvant therapy
for sacral nerve sheath tumors in the future.
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Benign Cartilaginous Tumors 1 3
of the Sacrum

Andrea Angelini and Pietro Ruggieri

13.1 Introduction

Primary benign bone tumors of the sacrum are extremely rare, and cartilaginous
lesions have been reported only as case reports or small series. The histotypes
affecting the sacrum and reported in literature were osteochondroma, chondroblas-
toma, chondromyxoid fibroma, and periosteal chondroma. Since clinical, imaging,
and histologic characteristics vary immensely, as well as type of treatment, each of
these lesions will be discussed in separate paragraphs.

13.2 Osteochondroma

Osteochondroma is caused by a misplaced fragment of the growth plate and the
consequent abnormal overgrowth of cartilage in unusual site. The result is a pro-
gressive endochondral ossification into a bony subperiosteal protuberance, covered
by cartilaginous cap, that projects from the bone surface [1]. The lesion has a thin
outer cortex and an internal cancellous structure in continuity with the medulla of
the bone from which it arises [2, 3], rich of fatty or hematopoietic marrow [4].
Osteochondroma may be solitary or multiple (associated with an autosomal disor-
der called hereditary multiple exostoses) [3, 5].

Osteochondroma rarely involves the spine (approximately 3% of cases) [3, 6-8],
with solitary lesions involving 1.3—4.1% and HME involving 3-9% of the cases [2,
8—13]. Sacrum is involved less commonly than mobile spine, with an occurrence of
about 0.5% of all spinal osteochondromas (Table 13.1) [2, 6-9, 13—19]. Swelling is
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Table 13.1 Osteochondroma of the sacrum: review of the literature
Patients | Age/ Approach and
Study Year | (n) gender Treatment location Outcome
Pugh 1946 |1 - - - -
etal. [14]
Sung 1987 |2 - Surgery PA, below S3 Good,
etal. [7] no LR
Hanakita | 1988 1 42/F Surgery, PA, L5-S1 Good,
etal. [15] hemilaminectomy lamina no LR
L4-S1
Gille 2004 |1 45/F Surgery, PA, S1
etal. [16] lumbotomy
Bess et al. | 2005 1 34/F Surgery, MHE PA, L5-S1 Good,
[8] articular process | no LR
Agrawal 2005 |1 14/M Surgery PA, right ala Good,
etal. [17] sacrum no LR
Samartzis | 2006 1 11/M Surgery, en bloc PA, S2 lamina Good,
et al. [6] excision with S1-S4 no LR
laminectomy
Chin 2010 1 54/F Surgery, en bloc Abdominal- Good,
et al. [18] excision retroperitoneal no LR
approach,
sacrum
Kuraishi 2014 1 63/F Surgery, PA, S1 articular Good,
eta. [2] hemilaminectomy process no LR
right L5-S1
Baruah 2015 1 21/M Surgery, en bloc PA, S3-S4 Good,
etal. [19] excision lamina no LR
Sciubba 2015 1 48/M Surgery, en bloc PA, S1 Good,
etal. [13] excision no LR
1 48/M Surgery, en bloc PA, S1 LR
excision
1 21/M Surgery, en bloc PA, S1 Good,
excision no LR
1 17/M Surgery, en bloc PA, S1 Good,
excision no LR
1 13/M Surgery, en bloc PA, L5-S3 Good,
excision no LR

F Female, M Male, MHE multiple hereditary exostosis, PA posterior approach, LR Local

recurrence

one of the main symptoms, slowly increasing during skeletal growth. Osteochondroma
is usually painless considering that usually grows posteriorly into the soft tissue, out
of the spinal canal, whereas rarely it grows anteriorly causing spinal cord or nerve
root compression [8, 19-22]. Similar to other benign tumors, osteochondromas
have predilection for young male patients younger than 20 years of age [9]. Due to
the unusual site, half of the described cases were treated in adult age [2, 8, 13, 15,

16, 18].
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X-rays and computed tomography (CT) scans show the pathognomonic features
of bone components with pedunculated or sessile base. However, plain X-rays are
usually insufficient because of overlapping of other osseous structures [6, 15, 17].
MRI is important to visualize the size of the cartilaginous cap and the eventual neu-
ral structures compression. Differential diagnosis from other neoplasms involving
the sacrum is not difficult. Parosteal chondrosarcomas are suspected if increasing
size is noticed after skeletal maturity [1, 3, 12]. Malignant transformations to chon-
drosarcoma range between 10 and 20% in hereditary multiple exostosis and 1-5%
in solitary osteochondromas [3, 12, 16]. When the cartilaginous cap is greater than
1-3 c¢m, in presence of new onset of symptoms or when the tumor rapidly increases
in size, malignant changes should be suspected [13].

The mainstay of treatment is observation because most lesions are asymptom-
atic. En bloc surgical excision of sacral osteochondroma with free margins or mar-
ginal margins usually constitutes adequate treatment for symptomatic tumors
although it is important to consider the risk of injuring nearby pelvic organs and
neurovascular structures [23]. Tumors of the sacrum can be removed through ante-
rior, posterior, or combined approaches [24]. The choice of the appropriate approach
is dictated by the location of the tumor and the anatomic peculiarity and hypervas-
cularity of the sacrum. Complete excision of the cartilaginous cap and its overlying
periosteum is recommended to reduce the risk of local recurrence [3, 6, 25, 26].
Some authors suggest a frozen section biopsy to confirm margin free of tumor [19].

The outcome and prognosis after surgery of sacral osteochondromas are excel-
lent. The risk of recurrence after treatment of osteochondroma of the spine or the
sacrum is not well known because of the rare occurrence. Based on literature review,
Gille et al. estimated 4% risk of recurrence in spine, slightly higher than the esti-
mated 2% recurrence in long bones [16]. A tumor recurrence may represent a suspi-
cious of malignancy [3, 12].

13.3 Chondroblastoma

Chondroblastoma is a rare benign cartilage-producing tumor consisting of about 1%
of all bone tumors [3]. Chondroblastoma is usually found in the epiphyseal or
epimetaphyseal areas of long bones, in males (male:female ratio 2:1), and could be
found in any ages, even if it occurs most frequently between 10 and 25 years old.
The incidence of vertebral chondroblastoma is 1.4% of all chondroblastomas, and
less than five cases of sacral involvement have been reported in literature (only one
clearly described) [27]. The radiological findings of vertebral chondroblastomas are
nonspecific and biopsy should be performed considering possible more frequent
differential diagnosis: aneurysmal bone cyst, giant cell tumor, chondromyxoid
fibroma, osteoid osteoma, osteoblastoma, chondrosarcoma, chordoma, and metasta-
sis [3]. Chondroblastomas of the spine behave more aggressively than those of long
bones with a higher rate of local recurrence (about one-third of patients) [27-30].
Some authors suggested that this may be related to the frequent extension to adja-
cent soft tissue and the spinal canal, which precludes complete tumor resection [31,



174 A. Angelini and P. Ruggieri

32]. Three cases of tumor-related death have been reported due to direct invasion to
adjacent soft-tissue and neurological structures [27, 30, 33]. Therefore, complete
excision and long-term follow-up are generally recommended as the treatment
modality for vertebral or sacral chondroblastomas.

13.4 Chondromyxoid Fibroma

Chondromyxoid fibroma (CMF) is a rare benign cartilaginous tumor generally
observed between 5 and 30 years of age. It accounts for about 0.5% of all primary
bone tumors [3, 34]. CMF of the sacrum is exceedingly rare, with less than ten cases
reported in the literature (Table 13.2) [35-43]. Many of them demonstrate expansile
or erosive imaging pattern, with cortical destruction, sclerotic and lobulated bor-
ders, septation, and intralesional calcifications [34]. Because of these radiographic
similarities with more aggressive sacral pathology, differentiating CMF from chon-
drosarcoma, chordoma, and giant cell tumor on the basis of imaging alone is not
possible [40]. CT-guided biopsy with histologic evaluation is mandatory for diagno-
sis. Although follow-up and detailed documentation are rather lacking in the treat-
ment of sacral CMF, surgery in terms of total en bloc resection or intralesional
curettage represents the current accepted management options. Radiation therapy
has been used for sacral CMF in only one patient who died of complications before
4 months of follow-up [37]. The risk of local recurrence for CMF ranges between 4
and 80% [41], but higher risk can be expected in younger age group with spine

Table 13.2 Chondromyxoid fibroma of the sacrum: review of the literature

Patients
Study Year | (n) Age/gender | Treatment Outcome
Markley 1982 |1 - - -
et al. [35]
Shulman 1985 |1 15/M Surgery, anterior- -
et al. [36] posterior resection
Zillmer etal. | 1989 |1 58/F Surgery and radiation | Died of
[37] therapy complications
Rodgers 1997 |1 17/F Surgery, curettage, Good, no LR
et al. [38] and graft
Wau et al. 1998 |1 59/F Surgery, resection, and | —
[39] lumbopelvic fixation
Brat et al. 1999 |1 30/M Surgery, partial Good, no LR
[40] sacrectomy
Mehtaetal. |2006 |1 26/F Surgery, resection, and | —
[41] curettage
Ahujaetal. |2011 |1 59/F Surgery, curettage, Good, no LR
[42] graft, and lumbopelvic

fixation

Minasian 2016 |1 35/F Surgery, partial Good, no LR
et al. [43] sacrectomy
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lesions despite extensive curettage [36]. The longest reported follow-up for sacral
CMF was a patient treated with curettage and bone grafting, who was found to be
recurrencefree at 8-year follow-up [38]. Other authors reported no evidence of
recurrence at about 1 year of follow-up after wide resection [40, 42].

13.5 Periosteal or Juxtacortical Chondroma

Periosteal chondroma in the spine is extremely rare and only two cases affecting the
sacrum have been reported until now [44, 45]. Periosteal chondroma is a slow-
growing benign cartilaginous tumor of bone surface with periosteal origin.
Radiologically, it often demonstrates a periosteal shelf of bone and a superficial
erosion of the cortex with endosteal sclerosis. Chondrosarcoma is the major differ-
ential diagnosis in cases of periosteal chondroma, followed by periosteal osteosar-
coma (chondroblastic type), osteochondroma, osteoblastoma, and aneurysmal bone
cyst [44, 46]. Akiyama et al. [45] reported a case with large periosteal chondroma
that arose on the endopelvic surface of the sacrum, which was difficult to distin-
guish from chondroid chordoma. The treatment of choice for an asymptomatic
tumor is observation as well as for osteochondromas, considering surgery only in
presence of symptoms [17]. Singh et al. [44] performed an en bloc excision with
good results in terms of pain relief and return to normal activities, without signs of
local recurrence after 4 years of follow-up. Akiyama et al. [45] performed intrale-
sional excision with curettage of the underlying cortical bone, and there has been no
local recurrence at about 3 years of follow-up.

Conflict of Interest Statement No benefits have been or will be received from a
commercial party related directly or indirectly to the subject matter of this article.

References

1. Solomon L, Warwick D, Osteochondroma Nayagam S. Apley’s system of orthopaedics and
fractures. 9th ed. London: Hodder Arnold; 2010. p. 199-200.

2. Kuraishi K, Hanakita J, Takahashi T, Watanab M, Honda F. Symptomatic osteochondroma of
lumbosacral spine: report of 5 cases. Neurol Med Chir. 2014;54(5):408-12.

3. Unni K, editor. Dahlin’s bone tumors: general aspects and data on 11,087 cases. Philadelphia:
Lippincott-Raven; 1996.

4. Rodallec M, Feydy A, Larousserie F, Anract P, Campagna R, Babinet A, et al. Diagnostic
imaging of solitary tumors of the spine: what to do and say. Radiographics.
2008;28:1019-41.

5. Wise C, Clines G, Massa H, et al. Identification and localization of the gene for EXTL, a third
member of the multiple exostoses gene family. Genome Res. 1997;7:10-6.

6. Samartzis D, Marco RA. Osteochondroma of the sacrum: a case report and review of the litera-
ture. Spine. 2006;31(13):E425-9.

7. Sung H, Shu W, Wang H, et al. Surgical treatment of primary tumors of the sacrum. Clin
Orthop Relat Res. 1987;215:91-8.

8. Bess RS, Robbin MR, Bohlman HH, Thompson GH. Spinal exostoses analysis of twelve cases
and review of the literature. Spine. 2005;7:774-80.



176 A. Angelini and P. Ruggieri

9. Albrecht S, Crutchfeld JS, SeGall GK. On spinal osteochondromas. J Neurosurg.
1992;77:247-52.

10. Robbins SE, Laitt RD, Lewis T. Hereditary spinal osteochondromas in diaphyseal aclasia.
Neuroradiology. 1996;38:59-61.

11. Royster RM, Kujawa P, Dryer RF. Multilevel osteochondroma of the lumbar spine presenting
as spinal stenosis. Spine. 1991;16:992-3.

12. Schajowicz F. Tumors and tumorlike lesions of bone and joints. New York: Springer; 1994.
p. 141-256.

13. Sciubba DM, Macki M, Bydon M, Germscheid NM, Wolinsky JP, Boriani S, Bettegowda C,
Chou D, Luzzati A, Reynolds JJ, Szovérfi Z, Zadnik P, Rhines LD, Gokaslan ZL, Fisher CG,
Varga PP. Long-term outcomes in primary spinal osteochondroma: a multicenter study of 27
patients. J Neurosurg Spine. 2015;22(6):582-8.

14. Pugh H, Crile GJ, Robnett A. Exostosis of sacrum: report of a case. US Nav Med Bull.
1946;46:269-72.

15. Hanakita J, Suzuki T. Solitary sacral osteochondroma compressing the cauda equina—case
report. Neurol Med Chir. 1988;28:1010-3.

16. Gille O, Pointillart V, Vital JM. Course of spinal solitary osteochon-droma. Spine.
2004;30:E13-9.

17. Agrawal A, Dwivedi S, Joshi R, Gangane N. Osteochondroma of the sacrum with a correlative
radiographic and histological evaluation. Paediatr Neurosurg. 2005;41:46-8.

18. Chin K, Kim J. A rare anterior sacral osteochondroma presenting as sciatica in an adult: a case
report and review of the literature. Spine J. 2010;10(5):e1-4.

19. Baruah RK, Das H, Haque R. Solitary sacral osteochondroma without neurological symptoms:
a case report and review of the literature. Eur Spine J. 2015;24(Suppl 4):5628-32.

20. Ohtori S, Yamagata M, Hanaoka E, Suzuki H, Takahashi K, Sameda H, Moriya H.
Osteochondroma in the lumbar spinal canal causing sciatic pain: report of two cases. J Orthop
Sci. 2003;8:112-5.

21. Fiumara E, Scarabino T, Guglielmi G, Bisceglia M, D’angelo V. Osteochondroma of L-5 ver-
tebra a rare cause of sciatic pain. Case report. J Neurosurg. 1999;91(2 suppl):219-22.

22. Govender S, Parbhoo AH. Osteochondroma with compression of the spinal cord. A report of
two cases. J Bone Joint Surg Br. 1999;81-B:667-9.

23. Bottner F, Rodl R, Kordish I, Winklemann W, Gosheger G, Lindner N. Surgical treatment of
symptomatic osteochondroma: a three- to eight-year follow-up study. J Bone Joint Surg Br.
2003;85:1161-5.

24. Ruggieri P, Angelini A, Ussia G, Montalti M, Mercuri M. Surgical margins and local control
in resection of sacral chordomas. Clin Orthop Relat Res. 2010;468(11):2939-47.

25. Boriani S, Weinstein JN, Biagini R. Primary bone tumors of the spine. Spine.
1997;22:1036-44.

26. Weinstein JN, McLain RF. Primary tumors of the spine. Spine. 1987;12:843-51.

27. Akai M, Tateishi A, Machinami R, Iwano K, Asao T. Chondroblastoma of the sacrum: a case
report. Acta Orthop Scand. 1986;57:378-81.

28. Ilaslan H, Sundaram M, Unni KK. Vertebral chondroblastoma. Skelet Radiol.
2003;32:66-71.

29. Bloem JL, Mulder JD. Chondroblastoma: a clinical and radiological study of 104 cases. Skelet
Radiol. 1985;14:1-9.

30. Hoe el JC, Brasse F, Schmi M, et al. About one case of vertebral chondroblastoma. Pediatr
Radiol. 1987;17:392-6.

31. Kim J, Kumar R, Raymond AK, Ayala AG. Non-epiphyseal chondroblastoma arising in the
iliac bone, and complicated by an aneurysmal bone cyst: a case report and review of the litera-
ture. Skelet Radiol. 2010;39(6):583-7.

32. Leung LY, Shu SJ, Chan MK, Chan CH. Chondroblastoma of the lumbar vertebra. Skelet
Radiol. 2001;30:710-3.

33. Chung OM, Yip SF, Ngan KC, Ng WEFE. Chondroblastoma of the lumbar spine with cauda
equina syndrome. Spinal Cord. 2003;41:359-64.



Benign Cartilaginous Tumors of the Sacrum 177

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Wilson AJ, Kyriakos M, Ackerman LV. Chondromyxoid fibroma: radiographic appearance in
38 cases and in a review of the literature. Radiology. 1991;179:513-8.

Makley JT, Cohen AM, Baada E. Sacral tumours: hidden problems. Orthopedics.
1982;5:996-1003.

Shulman L, Bale P, de Silva M. Sacral chondromyxoid fibroma. Pediatr Radiol. 1985;15:
138-40.

Zillmer DA, Dorfman HD. Chondromyxoid fibroma of bone: thirtysix cases with clinicopatho-
logic correlation. Hum Pathol. 1989;20:952-64.

Rodgers WB, Kennedy JG, Zimbler S. Chondromyxoid fibroma of the ala of the sacrum pre-
senting as a cause of lumbar pain in an adolescent. Eur Spine J. 1997;6:351-3.

Wu CT, Inwards CY, O’Laughlin S, Rock MG, Beabout JW, Unni KK. Chondromyxoid
fibroma of bone: a clinicopathologic review of 278 cases. Hum Pathol. 1998;29:438-46.

Brat HG, Renton P, Sandison A, Cannon S. Chondromyxoid fibroma of the sacrum. Eur
Radiol. 1999;9:1800-3.

Mehta S, Szklaruk J, Faria SC, Raymond AK, Whitman GJ. Radiologicpathologic conferences
of the University of Texas M.D. Anderson Cancer Center: chondromyxoid fibroma of the
sacrum and left iliac bone. AJR Am J Roentgenol. 2006;186:467-9.

Ahuja SK, McCanna SP, Horn EM. Treatment strategy for chondromyxoid fibroma of the
sacrum. J Clin Neurosci. 2011;18:1550-2.

Minasian T, Claus C, Hariri OR, Piao Z, Quadri SA, Yuhan R, Leong D, Tashjian
V. Chondromyxoid fibroma of the sacrum: a case report and literature review. Surg Neurol Int.
2016;7(Suppl 13):S370-4.

Singh AP, Singh AP, Mahajan S. Periosteal chondroma of the sacrum. Can J Surg. 2008;
51(5):E105-6.

Akiyama T, Yamamoto A, Kashima T, Ishida T, Shinoda Y, Goto T, Nakamura K, Kawano
H. Juxtacortical chondroma of the sacrum. J Orthop Sci. 2008;13(5):476-80.

Boriani S, Bacchini P, Bertoni F, et al. Periosteal chondroma. A review of twenty cases. J Bone
Joint Surg Am. 1983;65:205-12.



Part Il

Malignant Lesions



Metastases of the Sacrum 1 4

Andreas F. Mavrogenis, Georgios N. Panagopoulos,
Andrea Angelini,and Pietro Ruggieri

14.1 Introduction

The most common malignancy to occur in the sacrum is metastatic bone disease
[1-3]. The most common primary cancers are breast, lung, prostate, renal, and thy-
roid cancer [4—7]. Other less common primary lesions include lymphoma, myeloma/
plasmacytoma, melanoma, and tumors of unknown origin [8]. Spread is mainly by
hematogenous dissemination, although direct extension in case of recurrent rectal
tumors and drop metastases of intradural tumors has also been described [9, 10].
Bone metastases are the final common pathway of many malignancies and can
result in skeletal events such as pathological fracture, spinal cord compression, bone
pain, and hypercalcemia, which are frequently detrimental for the patients’ outcome
and quality of life. In the sacrum, metastatic disease frequently grows insidiously,
causing ambiguous symptoms in the early stages and possibly resulting in a delayed
diagnosis, when the tumor has already extended beyond bony margins and around
sacral nerve roots [8, 11]. Pain is the most common presenting symptom, either
local, mechanical, or radicular in nature, typically followed by progressive neuro-
logical deficits, eventually leading to bladder, bowel, and/or sexual dysfunction
[12—14]. The treatment of sacral metastatic lesions is usually palliative, aiming pri-
marily at pain control and preservation of neurological function. Commonly
employed treatment modalities include radiotherapy and spinal stereotactic surgery,
sacroplasty, embolization, ablation techniques, as well as targeted medical therapy.
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14.2 Epidemiology

As the incidence of cancer continues to increase, and patients with cancer live lon-
ger, the incidence of metastatic bone disease is steadily increasing [15, 16]. In the
USA, nearly 1.4 million people are diagnosed with cancer every year. Of these, half
of patients suffer a cancer that frequently metastasizes to bone. Over 400,000
Americans are estimated to develop skeletal metastases annually [17-20]. Spinal
metastases develop in 5—10% of all cancer patients during the course of their illness,
with sacral deposits representing the minority of spinal secondaries [3, 9]. However,
if seen as a whole, metastatic deposits represent the most common malignant tumor
of the sacrum [1, 6, 7]. The most common cancers to metastasize to the sacrum are
breast, prostate, thyroid, lung, and renal cancer. In autopsy studies, the incidence of
metastatic deposits in breast and prostate cancers is as high as 73% [21]. A quarter
of patients with skeletally metastatic renal cell cancer will have proximal femoral
metastases [20, 22-27].

14.3 Biology of the Metastatic Process

The ability of tumor cells to invade within their host organ and their ability to metas-
tasize to distant sites are the main biological hallmarks of malignancy. The meta-
static spread of tumor cells to the skeleton is a complex multistep process highly
dependent on the properties and characteristics of tumor cells and bone microenvi-
ronment. To successfully metastasize, cancer cells must complete a number of
important steps. Neoplastic cells must proliferate within the host organ and gain the
ability to invade the surrounding tissue and matrix; they must invade blood vessels,
whether induced by angiogenic properties of the tumor cells or normal vessels at the
site; they should then enter the circulatory system and survive both intracellular and
extracellular influences attempting to destroy them; they must adhere to and migrate
across sinusoidal walls at distant sites; finally, they should form deposits capable of
surviving in the new environment [28]. Many theories have been proposed over the
years in an attempt to explain propensity for metastatic spread to bone. Batson first
hypothesized, in 1940, that the vertebral system of veins acts like a conduit for can-
cer cell dissemination to the skeletal system [29]. In 1989, Paget proposed the “seed
and soil” hypothesis to explain the metastatic tropism of tumor cells for specific
organs [30]. More recently, the model of the pre-metastatic niche has been formu-
lated. This model proposes that a primary tumor is capable to prepare a conductive
microenvironment at a distant site before the disseminated tumor cells arrive at the
site and establish metastases. The concept of pre-metastatic niche, hence, involves
the action of the primary tumor on the destination site of metastasis through produc-
tion of tumor-derived growth factors, such as TGF-, vascular endothelial growth
factor A (VEGF-A) and placental growth factor (PGF). In response to these factors,
hematopoietic progenitor cells (HPCs), macrophages, and other tumor-associated
immune cells gather at the metastatic site and prime the “soil” for the arrival of the
tumor cells, helping adhesion and invasion [31-33].
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14.4 Tissue of Origin Considerations

Among tumors with a unique propensity for skeletal metastases, cancer of the
breast, prostate, thyroid, and kidney are worth mentioning separately because of
their specific features.

Breast cancer is the most common cancer among women, with 1.3 million cases
diagnosed each year worldwide; in this group, it also constitutes the leading cause
of cancer death [34]. At the time of diagnosis, about 5% of all breast cancers are
metastatic, with bone being the most common location of distant spread. In fact, in
35% of women with metastatic breast cancer, the only burden of metastatic disease
is represented by bone metastases [22]. Importantly, women with bone-only meta-
static breast cancer have a significantly better prognosis compared to women with
visceral metastases [35, 36]. Furthermore, a significant portion of women with
bone metastases from breast cancer (approximately 41%) have a solitary meta-
static lesion, which is associated with increased survival compared to women with
multiple bone deposits [37]. The most common type of metastatic bone disease
from breast cancer is generally classified as osteolytic, estimated at 80-90%, caus-
ing bone destruction. However, osteoblastic or mixed lesions are not exceptional
[38]. Bone metastases are disproportionately common among estrogen-receptor-
positive breast tumors. It is important to note that women with estrogen-receptor-
positive bone-only metastatic breast cancer can live many years with good quality
of life, typically treated only with oral endocrine therapy. Thus, aggressive man-
agement of bony metastases and emphasis to the prevention of skeletal complica-
tions within this group of women are imperative [22]. After obtaining promising
results in multiple clinical trials, zoledronic acid or denosumab is recommended in
all patients with metastatic breast cancer and bone metastases, whether symptom-
atic or not [39].

Prostate cancer is the most common malignancy diagnosed in men and consti-
tutes a model for epithelial malignancy that is likely to metastasize to bone [40];
7.7% of men with prostate cancer have evidence of bone metastasis at diagnosis
[41]. Studies have shown that nearly 90% of men who develop metastases from
prostate cancer will have bone involvement [42]. Skeletal metastases from prostate
carcinoma are typically osteoblastic, with sclerotic lesions most commonly seen in
the pelvis and vertebral bodies. The most common diagnostic test used to screen for
bone metastases in newly diagnosed prostate cancer patients is the technetium bone
scan. Androgen deprivation therapy (ADT) is a well-accepted care standard in men
diagnosed with prostate cancer and metastatic disease of bone. However, ADT dem-
onstrates concomitant effects on bone density and general skeletal health that can
compound the risk of skeletal events in men with metastatic bone disease [22].
Addition of primary site radiation to ADT has been shown to increase metastasis-
free survival [43].

All variants of thyroid carcinoma can metastasize to bone, but the well-
differentiated carcinomas (papillary, follicular, and Hiirthle cell types) have a unique
propensity to do so [44, 45]. Among the well-differentiated variants, follicular car-
cinoma is particularly prone to metastasize to bone. In thyroid cancer, after
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metastases to the neck lymph nodes, the skeleton and lungs are the most frequent
sites of metastases, with skeletal lesions occurring even more than 20 years after
treatment of the primary lesion [46]. Radiographically, metastatic thyroid carci-
noma typically presents as a destructive, lytic bone lesion. Metastatic thyroid carci-
noma has easily recognizable microscopic features and can be clinically associated
with thyrotoxicosis [47]. Immunohistochemistry for thyroglobulin or TTF-1 in fol-
licular and papillary carcinomas, and calcitonin in medullary carcinomas, can aid
microscopic diagnosis. Management of these patients implicates a multidisciplinary
approach, involving surgery, radiation, and medical therapy.

Renal cell carcinoma is another prototype of tumor that frequently presents as
a skeletal (often solitary) metastasis, with a clinically occult primary tumor [48].
Nearly 30% of patients with renal cell carcinomas have metastatic disease at pre-
sentation [49]. Renal cell carcinomas are known to metastasize to unusual distant
sites such as the skin, tongue, eye, heart muscle, acral skeleton, and breast [50,
51]. Although osteoblastic lesions have been described, the vast majority are lytic
[52]. Nephrectomy or metastasectomy is often performed in patients with dissemi-
nated disease to reduce the tumor burden, with the hope that remaining foci may
stabilize or regress. Resection of solitary skeletal metastasis significantly prolongs
survival [53, 54]. Biological targeted therapy is also available against metastatic
renal cell carcinoma (mRCC). As of 2014, there are seven FDA-approved drugs
for use in mRCC utilizing four different mechanisms of action. Bevacizumab
(Avastin) is an IgG, monoclonal antibody that binds VEGF. Axitinib (Inlyta) and
Pazopanib (Votrient) are both kinase inhibitors effective against tyrosine kinases
associated with VEGF receptors. Sunitinib (Sutent) and Sorafenib (Nexavar) are
also kinase inhibitors active against intracellular kinase Raf-1, PDGF, and
VEGEF. Temsirolimus (Torisel) and Everolimus (Afinitor) are inhibitors of mTOR,
a kinase involved in regulation of cell proliferation, survival, and transcription of
HIF [55-58].

14.5 Presentation and Diagnosis

Sacral neoplasms generally grow insidiously, causing ambiguous symptoms in the
early stages and frequently result in delayed diagnosis. Thus, presence of metastatic
deposits in the sacrum often signifies advanced disease [11]. In a case series of 34
patients with sacral metastases [59], 61% of patients had distal organ involvement,
whereas 41% demonstrated widespread spinal metastases. In a similar study of 19
patients [60], at the time of diagnosis, 68% of patients had extraspinal metastases
and 53% involvement of multiple spinal levels.

Typically, the initial symptom at presentation of patients with sacral metastases
is pain. This may be local pain due to periosteal stretching and local inflammation,
mechanical pain as a result of instability, or radicular pain from nerve root irritation,
compression, or neoplastic infiltration [11, 59]. Radicular pain may radiate unilater-
ally or bilaterally into the buttocks, posterior thigh or leg, external genitalia, and
perineum. More commonly, sensory multiradicular deficit evolves in an insidious
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manner, slowly progressing to a motor deficit and eventually causing bladder,
bowel, or sexual dysfunction [61].

Imaging of the sacrum with standard radiographs only is difficult. Typically, CT
is done to define the osseous anatomy, whereas MR imaging gives more information
on soft tissue extension, nerve root and visceral tumor involvement. A bone scan or
PET CT can elucidate the presence of monostotic or polyostotic disease. A biopsy
is usually necessary to confirm diagnosis and plan subsequent treatment. Failure to
rule out other potential etiologies of osseous lesions creates the potential for misdi-
agnosis and mismanagement. The gold standard of biopsy is closed, imaging (pref-
erable CT) guided; open biopsy may be indicated if results of the former are
nondiagnostic or controversial. Whether closed or open, the soft tissue tract through
which a biopsy is performed is considered contaminated with potentially malignant
cells, and needs to be positioned in a manner that will facilitate its ultimate excision
in continuity with the final tumor specimen. To that end, biopsy incisions should be
minimized while providing access to diagnostic tissue and oriented longitudinally,
in line with an extensile surgical approach. Generally, the surgeon who will perform
the definitive tumor resection should perform or direct the biopsy procedure. Poorly
planned incisional biopsies or incomplete debulking performed prior to referral to
an orthopedic oncology unit have been shown to increase the risk of local recur-
rence and metastasis [62, 63].

14.6 Treatment

The treatment of sacral metastatic lesions is usually palliative, aiming primarily at
pain control and preservation of neurological function. There is a paucity of studies
dealing with the management of these lesions, since most papers refer to primary
sacral tumors [9, 10, 59, 60, 64—77]. There is also no consensus or precise strategy
algorithm as to which method is the most appropriate, making management highly
individualized on a patient-to-patient basis, depending to an extent on institutional
preferences (Table 14.1) [9, 10, 59, 60, 64-77]. Modalities commonly employed
include radiation therapy and stereotactic surgery, surgery, sacroplasty, emboliza-
tion, as well as various ablation techniques [9, 10, 59, 60, 64—77].

Radiation therapy is an integral part of treatment for patients with metastatic
bone disease, both in the upfront and adjuvant setting. Radiation therapy is fre-
quently chosen as a first-line initial therapy for radiosensitive sacral metastases, in
patients without evidence of spinal instability or acute neurological deterioration,
where pain reduction and neurological improvement are feasible [78, 79]. It must be
taken into account that radiosensitivity varies among primary cancer types. In gen-
eral, prostate and lymphoid tumors are radiosensitive, and breast cancer is 70%
sensitive and 30% resistant, whereas gastrointestinal tumors, renal cell carcinomas,
and melanomas are radioresistant [3]. Patients are unlikely to experience complete
relief immediately, but should expect pain relief within 4-8 weeks following treat-
ment. An emerging form of radiation therapy, which allows more precise radiation
delivery and high-dose hypofractionation, is spinal stereotactic radiosurgery (SRS).
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Table 14.1 Summary of the most important published studies involving patients with metastases
of the sacrum

Patients Metastasis | Neoadjuvant
Study (number) |Age/Gender |Primary tumor level treatments  |Procedure Survival
Ozdemir et al. 65; 34 21M/25F; Breast (9), MM |N/A N/A Resection or 36 months
[59] sacral mean age, (7), prostate (4), curettage and  |(30-120)
metastases |49 years lung (3), colon (3), PMMA
(range, leiomyosarcoma
12-83 years) |(2), lymphoma (2),
ovary (1), RCC
(1), thyroid (1),
larynx (1)
Turgutetal. |1 63M Merkel cell cancer L5-S1 None L5 laminectomy|2 months
[64] and subtotal
resection
Lee et al. [65]]1 51F Meningioma Left sacrum None 2-stage excision | N/A
and ilium
Kollender 14; 5 sacral 7M/7F; mean |[RCC (2), MC (2), Mid sacrum |All RT; Decompression |6-36
etal. [9] metastases |age, 42 years |colon (1) (2), left embolization |and cryosurgery months
(range, sacrum (2), [(2)
14-74 years) entire
sacrum (1)
Naderetal. |19 N/A RCC (13), breast |S1 (18),S2 N/A Laminectomy |22 months
[60] (2), melanoma (1),/(13), S3 (3), (18), (5-38)
MM (1), colon (1),/S4 (2), L/S vertebrectomy
liposarcoma (1) |(4), SIJ (4), (13),
other spine instrumentation
(10), (12)
extraspinal
(13)
Menegaz 1 45F Chorioncarcinoma L2-S1 None CMT and RT |7 months
et al. [66]
Uemura et al. |1 76M HCC Left and Embolization|Sacroplasty 72 days
[67] right sacrum |and RT
Gerszten et al. 393; 500 |251M/142F; |[RCC (93), breast |Sacral (103) |RT (344) Radiosurgery |21 months
[68] lesions; mean age, (83), lung (80), (3-53)
103 sacral |56 years colon (32),
metastases |(range, sarcoma (26),
18-85 years) |prostate (24), MM
(18), unknown
(14), SCC (12),
thyroid (11), other
(69)
Akasuetal. |44 35M/9F; Recurrent rectal  |Pelvic (12), |RT (13) Sacral resection 2.3 years
[69] mean age, cancer solitary (1-16)
55 years pelvic (24),
(range, distant (8)
32-73 years)
Fujibayashi |5 4M/1F; mean |Lung (2), renal  |LS joint, N/A Instrumentation |28 months
etal. [70] age, 47 years |(2), paraganglioma/sacrum (3-72)
(range, (1)
29-77 years)
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Table 14.1 (continued)

Patients Metastasis | Neoadjuvant
Study (number) |Age/Gender |Primary tumor level treatments  |Procedure Survival
Kakutani 1 52M Melanoma Left SI-4  |None CMT and RT |9 months
etal. [71] and ilium
Zhangetal. |2 IM/1F; age, |Lymphoma, lung |S1and T12, |CMT and RT |S1 percutaneous N/A
[72] 62 and L1-3;S1 sacroplasty
38 years
Albareda 1 62F Endometrial S4 None En bloc 26 months
etal. [73] resection
Toro et al. 1 65M HCC Right S1-5, |None Sacroplasty N/A
[74] left S1-2
Dozois et al. |9 7M/2F; mean Recurrent rectal |S2 (6), S1  |RT (7), CMT |High 30% at
[75] age, 63 years (2),L/S (1) (1) sacrectomy 5 years
(range,
38-78 years)
Nebreda et al. |1 48F Small-cell lung ~ Left S1-2  |CMT and PMMA 40 days
[76] cancer and SIJ SRS
Feiz-Erfan 25 21M/4F; RCC (15), prostate Solitary RT (11), En bloc 11 months
etal. [10] mean age, (3), other (7) sacrum (12), |[CMT (9), resection and  |(5.4-16.6)
57 years multiple embolization |instrumentation
(range, sites (13) (12), other
25-71 years) )
Moussazadeh |25; 31 10M/15F, Sacral mets (15), N/A RT (22) Sacroplasty w/ |15 died at
etal. [77] procedures |mean age,  |w/previous RT for PMMA 4.3 months
65 years, pelvic cancer (4),
(range, chordomas (3),
32-84 years) |osteoporotic (5),
other (4)

RCC renal cell carcinoma, MM multiple myeloma, SCC squamous cell carcinoma, MC metastatic
carcinoma, HCC hepatocellular carcinoma, CMT chemotherapy, RT radiation therapy, SIJ sacro-
iliac joint, PMMA polymethylmethacrylate bone cement, SRS stereotactic radiation surgery, N/A
not available

SRS allows administering a tumoricidal radiation dose even for radioresistant
tumors, with minimal exposure of the surrounding normal tissues. Current commer-
cial spinal SRS systems include the CyberKnife® (Accuray Incorporated,
Sunnyvale, California) and Novalis® (BrainLAB, Heinstetten, Germany) [3].
Unlike conventional radiation therapy in which a full dose is delivered to both the
vertebral body and the spinal cord or cauda equina, SRS can deliver a high-dose
single fraction to the target tissue while sparing most of the adjacent neural ele-
ments, thus significantly reducing the possibility of radiation-induced myelopathy
or injury to the nerve roots. Other major benefits of SRS include the relatively short
treatment time, which can be in an outpatient setting and the minimal or complete
absence of side effects.

The role of surgery in metastatic disease of the sacrum is not clearly defined.
Indications for surgical intervention include progressive neurological dysfunction
or persistent pain that is unresponsive to radiation therapy, the need for a diagnostic
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biopsy, and pathological sacro-pelvic instability [3, 59]. If nonsurgical measures fail
and the patient is suffering from symptomatic sacral disease, surgery can be a rea-
sonable therapeutic option [10]. Metastatic disease in the sacrum generally does not
cause mechanical instability, as this segment is rigidly fixed to the pelvis by the
bilateral sacroiliac joints and their accompanying ligaments. In cases of massive
tumor destruction of the S1 body and/or L5-S1 junction, fixation from the low lum-
bar spine into the sacrum and pelvis may be required to restore spinopelvic continu-
ity. If instability occurs in the sacrum, reconstruction often includes low lumbar
pedicle-based instrumentation systems along with sacral pedicle instrumentation
and iliac bolts, with or without additional sacroiliac screws. A posterior midline
sacral laminectomy may be necessary in case of sacral nerve root compression. In
any case, care must be taken in the decision-making process, as sacral resections are
challenging operations with a high incidence of potential complications, especially
in patients with an already limited life expectancy [80]. On the other hand, resective
surgery in carefully selected patients with sacral metastases may result in a pallia-
tive benefit. Removal of secondary lesions of renal cell carcinoma tends to be asso-
ciated with an increase in overall survival. A minimal disease burden (single-site
metastasis) may signify that there is a greater chance for surgery to achieve defini-
tive local control [10].

Sacroplasty is a therapeutic option more extensively described in the degenera-
tive/osteoporotic literature, now gaining favor in cases of metastatic disease without
instability or neurologic compromise [§1-83]. The technique is similar to vertebro-
plasty, involving cement augmentation of a metastatic lesion under CT guidance.
Potential complications include hemorrhage, infection, dural tears with cerebrospi-
nal fluid leak, direct injury of nerve roots or the lumbosacral plexus, cement leakage
or ectopic cement injection (into the sacroiliac joint), migration, and embolization.
Clinical data on the procedure is promising, demonstrating immediate improvement
in mobility and significant pain relief in most patients undergoing the procedure
[67,72,74,76].

Embolization of sacral tumors is another useful therapy, which may be pri-
mary (single or repeat treatment sessions), adjuvant to surgical treatment, or pal-
liative. Preoperative selective arterial embolization of hypervascular metastatic
lesions reduces intraoperative blood loss and improves the surgeon’s ability to
subsequently perform surgical resection. Studies have shown that embolization
may cause tumor growth arrest, relieve pain, and reduce hospital stay [84-90].
The timing of preoperative embolization is also important. Typically, best results
are achieved when surgery is performed within 24-48 h after embolization. Serial
embolization can also be performed if there is persistent pain and/or evidence of
progressive disease on imaging. It is typically performed in 4-6-week intervals
until symptomatic improvement occurs or the tumor’s vascularity disappears.
Complication rate is generally low. Risks of the procedure include nerve palsy,
subcutaneous or muscle necrosis, postembolization syndrome (fever, pain, mal-
aise), ischemic pain (usually transitory), infection, and tumor bleeding [87-90].

Over the last few decades, percutaneous ablation has emerged as an effective,
minimally invasive, local treatment alternative to conventional methods, aiming
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to provide either palliation of painful bone lesions or local control of oligometa-
static disease. Various image-guided ablation technologies have been applied to
the treatment of bone metastases with varied levels of published evidence.
Thermal ablation methods include radiofrequency ablation (RFA), cryoablation,
microwave ablation, laser ablation, and more recently MRI-guided extracorpo-
real-focused ultrasound (MRgFUS) [91]. RFA and other ablation techniques are
safe and reproducible, with promising results (pain relief 75-95%) [92]. Potential
complications include skin burns and injury to heat-sensitive structures, such as
nerves and bowel [93].

Finally, modern targeted medical therapy aims to control pain and reduce
skeletal events of metastatic cancers. Such agents are mainly represented by
bisphosphonates and denosumab. Bisphosphonates inhibit normal and pathologi-
cal osteoclast-mediated bone resorption by direct inhibition of osteoclast activity
by cellular mechanisms that affect osteoclast attachment, differentiation, and
survival. They also reduce osteoclast activity indirectly, through effects on osteo-
blasts. In 2002, intravenous zoledronic acid was approved to treat patients with
multiple myeloma and bone metastases from any solid tumor including prostate
cancer. Denosumab is a human monoclonal antibody for the treatment of osteo-
porosis, induced bone loss, bone metastases, rheumatoid arthritis, multiple
myeloma, and giant cell tumor of bone. It is designed to target RANKL (RANK
ligand), a protein that acts as the primary signal to promote bone loss. Denosumab
has been approved by the US Food and Drug Administration (FDA) for the pre-
vention of skeletal related events in patients with bone metastases from solid
tumors. Potential drawbacks of both drug families notably include the risk for
osteonecrosis of the jaw and for the development of atypical femoral fractures
[93-95].
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Andrea Angelini and Pietro Ruggieri

15.1 Introduction

Chordoma is a relatively rare, slow-growing, primary bone tumor with an overall
incidence of approximately one per million population and accounts for 1-4% of all
malignant bone lesions [1, 2]. Although rare, it represents the most frequent primary
malignant bone tumor affecting the sacrum [3]. It has a slowly aggressive and locally
invasive behavior, and it is considered a low-grade malignant neoplasm. In fact, it is
poorly sensitive to conventional radiotherapy and chemotherapy. Surgical resection
of sacral chordoma remains the standard for local disease control, even if it is associ-
ated with significant morbidity and repercussions for patient’s quality of life due to
the close relationship with relevant neurovascular structures [4]. An increasing num-
ber of novel (radio)surgical and pharmacological strategies are currently being
investigated [5-7] and may have a role in addressing microscopic disease.

15.2 Embryology

The current line of thinking is that chordoma cells originate from remnants of the
embryonic notochord [8—11]. For the purpose of clarifying the pathophysiology,
one must first gain an understanding of the ontogenesis of the axial skeleton as it
matures from the notochord to its ultimate configuration in the adult. During
embryogenesis, in the third week of human development, gastrulation takes place
with the formation of the three primary germ layers (ecto-, meso-, and endoderm).
The stem cells for all major structural elements of the vertebral column are derived
from the mesoderm [12]. One of the key events following this phenomenon is the
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formation of the notochord in the Carnegie stages 7 through 9 (crown-rump [CR]
length of 0.4-2.5 mm), an elongated rod of cells subadjacent to the neural tube
with a caudo-cranial extension [13]. The notochord plays a critical role by produc-
ing and secreting important signaling factors (e.g., sonic hedgehog [14], bone mor-
phogenetic protein [ 15, 16]) to the surrounding tissue in order to guide organogenesis
and the formation of the axial skeleton [17]. Primary neurulation, the process of the
flat neural plate folding into the cylindrical neural tube, occurs in response to sol-
uble growth factors secreted by the notochord (Fig. 15.1). As a result of the cellular
shape changes, the neural plate folds creating the U-shape neural groove. This
neural groove sets the boundary between the right and left sides of the embryo.
Then, the closure of the neural tube disconnects the neural crest from the epidermi-
dis, and segmentation commences in the axial and paraxial mesenchyme with the
formation of somites (Carnegie stage 11, CR 2.5-4.5 mm) [18-21]. In axial

Future neural crest Neural plate

Future epidermidis

b Neural groove

Notochord

Future Neural crest

[(0)

Fig. 15.1 Artistic drawings show embryogenesis of the vertebral column: primary neurulation.
(a) Shaping. Schematic transverse sections showing neuroectodermal tissues differentiate from the
ectoderm and thicken into the neural plate (/); (b) Folding and elevation. The neural plate bends
dorsally creating the U-shaped neural groove. Notochord is shown at the ventral part of the neural
groove (/). The two ends eventually joining at the neural plate borders, which are now referred to
as the neural crest (/I); (¢) Convergence. Bending of the neural plate with convergence of the
neural folds up to the complete closure of the neural tube (/V); (d) Closure. The closure of the
neural tube disconnects the neural crest from the epidermidis (V). Neural crest cells differentiate to
form most of the peripheral nervous system and notochord degenerates (VI)
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Fig. 15.1 (continued)

section, the mesoderm-derived tissue which bilaterally propagates alongside the
notochord evolves by an epithelial-to-mesenchymal transition to form the ventral
sclerotomes [22]. The mesenchymal cells are specified based on their location
within the somite: they retain the ability to become any kind of somite-derived
structure until relatively late in the process of somitogenesis [23] and gradually
assume a concentric arrangement around the notochord, forming a perichordal
sheath [18, 24, 25]. These mesenchymal cells of the perichordal sheath become
cartilaginous (chondroblasts/chondrocytic cells) via a condensation process guided
by secreted factors derived from the notochord originating primordial vertebral
body [26, 27]. Concurrently with the vertebral body morphogenesis, the confined
notochordal cells progressively degenerate and probably undergo apoptosis or dif-
ferentiate into the chondrocyte-like cells [28]. Occasionally notochord cells remain
in the nucleus pulpous of the mature intervertebral disk (Fig. 15.2) or can be wit-
nessed in notochord-like tissue in the intravertebral region, in which case they are
described as “benign notochordal cell tumors” (BNCT) [29]. The complete forma-
tion of the vertebral segments is expected to be at Carnegie stage 20-22 (CR
18-30 mm) (Fig. 15.3).
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Intervertebral disc

Sclerotome

Nucleus pulpous

Notochord Annulus fibrous

Fig. 15.2 Artistic drawing show notochord cells remain in the nucleus pulposus of the mature
intervertebral disk. During resegmentation of the sclerotomes to form the vertebrae, each one splits
into cranial and caudal segments, and cells remaining in the plane of division coalesce to form the
annulus fibrous of the intervertebral disk
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Fig.15.3 Artistic drawing of a human embryo at Carnegie stage 20 show all of the vertebral seg-
ments have formed
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15.3 Pathogenesis

The pathophysiology underlying this lethal disease is demonstrated to be complex.
Starting from the histological characterization performed by Virchow in 1857 [30] up to
the discovery of brachyury’s involvement, numerous progresses have been performed
in the pathogenesis of this tumor. Examination of human embryos and fetus showed
that notochordal cell nests topographically correspond and distribute to the sites of
occurrence of chordoma and histological appearance of tumor cells led to hypothesize
the notochordal origin [31, 32]. Molecular research has so far yielded significant find-
ings on the mechanisms underlying the initiation and further progression of chordoma
cells. The most compelling evidence of the notochordal hypothesis derived from
researches focused on a transcription factor named “brachyury.” It is an important tran-
scription factor in notochord development, but duplicated regions contained only the
brachyury gene have been discovered in familial chordoma [33-36]. The remarkable
overexpression revealed this transcription factor to be a crucial aspect of chordoma,
although it is still unclear what role brachyury has in the pathogenesis [37]. Some other
notochordal factors (Shh, Wnt, galectin-3, NCAM) seem to be relevant in notochord
formation and in chordoma, as well as the other overexpression of cell cycle regulatory
pathways and an activated receptor tyrosine kinase pathway [11]. The molecular biol-
ogy process behind the initiation and progression of a chordoma needs to be revealed
for a better understanding of the disease and to develop more effective therapies [38].

15.4 Epidemiology

Chordomas are classified on the basis of their location along the spine in sacrococ-
cygeal, clival, cervical, thoracic, and lumbar (listed by the most frequent site) [1-3].
Recent studies reported an almost equal distribution in the clivus (32%), mobile
spine (32.8%), and sacrum 29.2% [39]. Other epidemiological studies report that
the sacrococcygeal area is the most common affect (40-50%) compared to clivus
(35-40%) and vertebral bodies (20—40%) [40, 41]. Sacrococcygeal chordomas have
very low incidence in patients below 40 years old and are more frequent in males
(male to female ratio 2:1) [42-45].

15.5 Presentation and Diagnosis

Chordomas of the sacrum often present with non-specific symptoms which can delay
diagnosis, such as localized deep pain or radiculopathies related to the spinal level at
which they occur [46-49]. In advanced disease the tumors can present at the time of
diagnosis as a slow-growing palpable mass associated with rectal or urinary dysfunction
[46,47,50]. The average duration of symptoms is about 14 months (range, 424 months)
[45]. Diagnosis is further complicated by the fact that lytic sacral lesions might be over-
looked on plain radiographs of the pelvis, and CT or MRI studies are often not per-
formed without a clinical suspicion of sacral tumor [45, 49]. Differential diagnosis for
lumbosacral chordomas includes pilonidal sinus disease, deep abscesses, rectal sarco-
mas, and several retrorectal tumors (teratomas, extraperitoneal adenomucinosis, cystic
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lymphangiomas, neurogenic tumors, and cysts, developmental tailgut cysts, sacral
myelomeningocele, rectal duplication) [51-53]. Most sacrococcygeal chordomas can
protrude anteriorly into the pelvis, and rectal examination may be useful for clinical
detection of sacral mass even if the tumor is limited by presacral fascia [54].

15.6 Imaging

Chordomas are midline lesions and often appear radiographically as destructive
Iytic bone lesions. Unlike other primary tumor (osteosarcomas and chondrosarco-
mas) of the spine, chordomas locally invade the intervertebral disk space as they
spread to adjacent vertebral bodies [49]. Computed tomography (CT) and magnetic
resonance imaging (MRI) are the gold standard for diagnosis. The tumors are often
associated with soft tissue mass (Fig. 15.4). Calcification and bony expansion are

Fig. 15.4 Sagittal view of a
specimen from a proximal
sacral resection show the
large involvement of soft
tissue
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present in 30—70% of the cases and appear isointense or hypointense on T1-weighted
MRI images and hyperintense on T2-weighted MRI images and enhance with gado-
linium [55]. On bone scan, chordomas show reduced or normal uptake of radioiso-
tope when juxtaposed to other bone tumors [56]. Careful preoperative assessment of
imaging within the multidisciplinary team is essential in planning surgical approach
and discussing strategy of treatment.

15.7 Pathology

Chordomas were first described histologically by Virchow in 1857, when he identi-
fied the typical “physaliferous” tumor cell chordomas [30]. Physaliferous cells
appear as large white cells with round nuclei and abundant vacuolated cytoplasm
separated by fibrous septa into lobules [41, 42] and are typical of classic chordomas.
Chordomas are classified as classical (or conventional), chondroid, or dedifferenti-
ated [41]. Classic chordomas are pathologically identified by their typical cells and
immunoreactivity for S-100, epithelial membrane antigen (MUC1), and cytokera-
tins [57, 58]. Brachyury staining is used to discriminate chordomas from other
chondroid lesions [59]. Chondroid chordoma is a histological variant that account
for 5-15% of all chordomas [41]. It shows histological features resembling chon-
drosarcoma, with hyaline cartilage associated with expression of chordoma markers
[60, 61]. Dedifferentiated chordomas account for less than 10% of all chordomas
and are characterized by sarcomatous areas with spindle cells such as fibrosarcoma,
osteosarcoma, or rhabdomyosarcoma [62-66]. It is characterized by a fulminant
clinical course resulting in metastases and/or death within 1 year of diagnosis in
most of the cases [64—68].

15.8 Treatment

The most accredited treatment consists of surgical resection with wide margins, as
no chemotherapy has been demonstrated to be effective against chordoma and
conventional radiotherapy is only partially effective [5, 11, 69-74]. Complex pel-
vic anatomy coupled with the need of wide margins means that surgery is chal-
lenging to preserve essential neural function and avoid injury to visceral and
vascular structures during resection. Frequently, margins are positive (marginal or
contaminated) [11, 70, 71, 75, 76], and adjuvant treatment strategies must be
considered.

15.8.1 Sacral Resection
In the 1970s, Stener and Gunterberg [77] first introduced the idea of wide en bloc

surgical resection for the treatment of sacral tumors. Since then, en bloc resec-
tion has remained the mainstay of treatment of sacral chordoma worldwide, as
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reported by a large multicentric study based on the AOSpine Tumor Knowledge
Forum Primary Spinal Tumor database [78]. En bloc sacrectomy is a highly
demanding surgical procedure, consisting of a partial or total amputation of the
sacrum. It is associated with significant soft tissue and skin defects, which may
require reconstruction with myocutaneous flaps to reduce risk of wound infec-
tion and breakdown. However, it is attainable in more than 50% of sacral chor-
domas and offers the best long-term oncological outcomes when wide margins
are obtained [69, 79].

The surgical approach is often planned according to tumor extension and level of
resection. Usually all resections distal to S3 level could be approached posteriorly
only [70, 80, 81], whereas proximal resections need a combined anterior-posterior
approach [69-71, 78, 79, 82]. Advantages of the posterior approach are a single
stage procedure and shorter operating time, whereas the combined approach enables
the visceral organs to be dissected away from the tumor and protected during the
osteotomy. Some exceptions have been reported in literature, using tools and inno-
vative surgical techniques to perform proximal resections by a posterior approach
only in selected cases [83, 84].

Unilateral or bilateral sacrifice of the nerve roots is necessary distal to resec-
tion, with corresponding functional damage [77, 82, 85-88]: motor and sensory
deficits in the lower limbs are mainly related to the sacrifice of SI and L5 nerve
roots; sacrectomies that spare the S2 nerve root are associated with abnormal
bladder and bowel function, even if better results can be expected if an S3 nerve
root is also preserved; sexual dysfunction with relative saddle anesthesia is asso-
ciated with bilateral S3 lesions, whereas unilateral sacrifice from S2 to S5
reduces but does not abolish urogenital and rectal functions. Numerous compli-
cations other than neurological deficits have been reported in literature, such as
wound dehiscence, infection, iatrogenic visceral injury, hematoma, massive
bleeding, liquoral fistula, flap necrosis, stress fractures, and other less frequently
reported [70, 89]. Chen et al. [90] reported that albumin <3.0 g/dL, operating
time (>6 h), and previous surgery were statistically significant risk factors for
wound infection.

15.8.2 Radiotherapy

The use of radiotherapy (RT) as primary or adjuvant treatment for chordoma has
been debated for several years and remains controversial. The majority of older
publications that used conventional photon radiotherapy did not exceed 60 Gy, and
investigators report poor local control in sacral chordomas [91, 92]. In fact, the
problem of tolerance dose of the organs and tissues surrounding the sacrum results
in the limitation of total RT dose that can safely be delivered to the tumor [93, 94].
Advances in radiation technology and treatment have led to more strategic targeting
of neoplasms with higher doses of radiation. There is some consensus that the com-
bination therapy of surgical resection and radiation therapy may be associated with
higher rates of local control and overall survival [95].
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— Intensity-modulated radiation therapy (IMRT) and stereotactic delivery tech-
niques can custom modulate each photon beam to conform to the tumor volume
by minimizing the dose to surrounding tissues [92]. Some authors report the
experience in sacral chordomas, finding that local control was significantly
higher in patients treated with radiation dose delivered higher than 60 Gy (range
60-78 Gy) [96, 97].

— Radiosurgery is a technique characterized by a very high dose of RT in a single
fraction (or hypofractionated) thanks to the use of image-guided technology
coupled with IMRT. The use of radiosurgery for chordoma has shown promising
preliminary results for local control [98, 99].

— Proton beam and heavy-ion particle radiation therapy are characterized by deliv-
ering a high-specific radiation dose to the tumor target volume and small dose to
uninvolved normal tissue (low risk of radiation toxicity to neural tissue) [94, 100,
101]. Hadrons (high-dose protons or charged particles, including carbon ions,
helium, or neon) provide biological and physical advantages in terms of their
high relative biological effectiveness and reduced oxygen-enhancement ratio in
the tumor region [102]. In fact, studies exploiting the use of hadron therapy in
chordomas of the sacrococcygeal region show local control at 5 years of 60-70%
[99, 103-105]. Compared with protons and photons, carbon ions have a relative
higher biological effectiveness with a larger mean energy per unit length of their
trajectory [91, 106]. Therefore, carbon-ion radiotherapy has been considered for
treatment of unresectable chordoma [107]. Promising local control rate and bet-
ter preservation of bladder-bowel function with the use of carbon-ion radiother-
apy has been reported compared with surgery [107-109], whereas good results
have also been reported as adjuvant treatment [110]. Unfortunately, the avail-
ability of hadron-based therapy is limited because of the associated construction
and operational expenses [111, 112], even if the cost is expected to decrease
rapidly [113].

Although there is limited literature comparing the effectiveness of newer radia-
tion therapy modalities coupled with surgery, preliminary promising results have
been reported with hadron therapy than with photon-based radiation [114-116].
However, at this time, single-fraction photon RT and proton-beam and carbon-ion
RT with wide en bloc excision both are the accepted treatment standard in the man-
agement of chordomas at many quaternary-care cancer centers, showing higher
local control rates than conventional IMRT [116]. One of the critiques of RT is that
it can cause pathological fracture of residual sacral bone [69, 70, 117].

15.8.3 Chemotherapy and Medical Treatment

No conventional chemotherapy has proven to be effective in terms of overall sur-
vival and local control in patients with sacral chordoma. The advent of molecular
targeted therapies and the discovery of molecular profiling of chordomas have
offered some encouraging alternatives to conventional chemotherapy for the
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management of advanced disease. Chordomas overexpress platelet-derived growth
factor receptor (PDGFR)B, PDGFRA, and KIT receptors, suggesting a role for ima-
tinib therapy [118-120], a tyrosine kinase inhibitor (TKI) with specificity for the
kinase domain of PDGFR and KIT receptors. Another TKI, sunitinib, has shown
clinical efficacy [121], even if reports are limited by small patient numbers and
short follow-up. Additional molecular pathways such as mTOR and MAPK signal-
ing pathways seem to be involved, meaning a possible role of other targeting thera-
pies such as mTOR inhibitors (everolimus, temsirolimus) [122, 123].

In a small series of patients with chordoma, strong expression of epidermal
growth factor receptor (EGFR) and c-MET was described [124]. EGFR is a tyrosine
kinase receptor implicated in cell proliferation through the binding of several
ligands. This led to the report of a patient’s response to cetuximab and gefitinib
[125]. Newer EGFR inhibitors, erlotinib and lapatinib, confirmed this efficacy [126,
127]. A recent analysis showed that activation of phosphorylated signal transducer
and activator of transcription 3 (STAT3) is associated with poor prognosis [128].
The use of STAT?3 inhibitors in chordoma cell lines in vitro showed strong inhibition
of cell growth and proliferation [129]. Phase II studies are now ongoing, combining
imatinib and everolimus or using lapatinib in HER2-positive advanced chordomas.

15.9 Oncologic Outcome

Several prognostic factors associated with poor survival have been reported: age
[78, 130, 131], tumor size [46, 71, 72, 131-133], preoperative C-reactive protein
>1.0 mg/dL [134], tumor site regarding the proximal extent of the tumor, local inva-
sion into other tissues [131, 135], inadequate surgical margins [46, 69, 70-72, 75,
133, 136-138], content of extracellular matrix and high Ki-67 index [138], histo-
logical category such as dedifferentiated chordomas [41, 139], and local recurrence
[46, 138, 140]. Patient survival seems to be less affected by distant metastasis than
by local progression of the disease, underlining the role of local control to improve
oncological outcomes.

Local recurrence (LR) after surgical treatment is common (43-85%) despite
resection with adequate margins [71, 72]. Some authors suggested that infiltration
of the musculature adjacent to the sacrum and/or involvement of the sacroiliac joints
increases the tendency to local recurrence, even after apparently successful en bloc
resection [135, 141, 142]. This hypothesis could also justify also the observation of
similar recurrence rate between major resections of proximal part of the sacrum and
small resections distal to S3 level [70, 71]. Therefore, in cases of infiltration of the
sacroiliac joint, we should consider the tumor at an advanced stage with increased
risk of satellite lesions which may promote disease recurrence. The factors associ-
ated with higher risk of local recurrence are: old age [82, 140], higher sacral local-
ization [140], inadequate surgical margins [46, 69, 70, 78], and previous intralesional
surgery [69-71, 78]. Adjuvant radiotherapy may improve oncological outcomes in
patients with inadequate surgical margins or dedifferentiated disease, but optimal
radiotherapeutic regimens with long-term survival have not been developed. In fact,
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despite combining en bloc resection with particle radiation therapy, frequent local
recurrence remains a reality, and the 5- and 10-year overall survival rates are circa
65% and 35%, respectively [39, 143, 144].
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16.1 Introduction

Osteosarcoma and Ewing’s sarcoma are the most common primary malignant bone
tumors in childhood and adolescence, most occurring during the first two decades
[1, 2]. Osteosarcoma rarely involves the spine (1-3% of all osteosarcomas), and the
sacrum is one of the most common spinal locations [2-9]. Osteosarcoma is the third
most frequent primary malignant tumor of the sacrum after chordoma and Ewing’s
sarcoma. Secondary osteosarcoma may occur in patients that received pelvic radia-
tion treatment or as sarcomatous degeneration in patients with polyostotic Paget’s
disease [10-15].

There have been several articles on the treatment of patients with osteosarcoma
of the spine [4-7, 16-32]; however, those publications included case reports or
selected patients from small series, making the optimal evidence-based therapeutic
approach very difficult. Wuisman et al. [23] reported a case of sacral osteosarcoma
and performed a review of all reported cases since 1984-2001: they were able to
find only 11 patients [7, 18, 25-32]. In the last 15 years, still some data appear in the
literature, indicating that the combination of chemotherapy with adequate surgical
procedures (hemi/total sacrectomies) may increase survival in this poor prognostic
tumor site [4, 20-22, 24].
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16.2 Epidemiology, Presentation, and Diagnosis

Patients with primary spinal osteosarcoma are older than those with osteosarcoma
of the extremity (mean age of about 38 years old) [5, 6, 8, 33]. Exposure to radiation
is a proven exogenous risk factor for secondary osteosarcoma of the bone. Incidence
of sarcomas postirradiation therapy comprises about 0.1% of all cancer cases, and
the sarcomas usually appear 10-20 years posttreatment (thus radiation-induced sar-
coma is typical of adult age) [10-15]. It has been demonstrated that osteosarcoma
could be related to pelvic radiation therapy [10, 13—14].

As well as for other sacral tumors, early diagnosis is difficult and pain and swell-
ing are the most frequent symptoms of sacral osteosarcoma. Neurological symptoms
are associated with large tumors. A detailed history with a complete physical exam
should be performed prior to any evaluation. Ozaki et al. reported in 2002 their expe-
rience in 15 osteosarcomas of the sacrum and 7 of the mobile spine [4]: the duration
of symptoms between onset and diagnosis ranged from 2 to 18 months, and the most
common was represented by pain (almost all) followed by neurological disorder (half
of the cases). The median tumor size in sacral tumors was 8.0 cm. Other reports were
results in terms of diagnostic delay and tumor size [8, 34]. The laboratory findings
may show an increase in alkaline phosphatase (AP) and lactic dehydrogenase in the
serum (about 30% of cases) [35-38]. In some cases mild anemia and high erythro-
cyte sedimentation rate may also be present at diagnosis [35, 36].

16.3 Imaging

Most spinal osteosarcomas are pathologically osteoblastic, resulting in typical min-
eralized lesions on radiographs and CT, even if rarely osteolytic lesions also occurred
[4, 29, 37, 39]. Computed tomography (CT), magnetic resonance imaging (MRI),
angiography, and dynamic bone scintigraphy are used to evaluate the extension of
tumors and the involvement of surrounding structures such as vessels, nerves, and
soft tissues [40, 41]. CT of the lung is part of the basal staging. MRI is also useful in
the assessment of patients with intraosseous tumor spread, particularly in the sacrum
or sacroiliac joint, or in the identification of neural compression [8].

Nuclear medicine imaging techniques (bone scans and PET/CT) are being used
increasingly to aid in the initial staging/metastatic evaluation and response to ther-
apy. Isotope scans with technetium [41] or thallium [42] are a standard part of the
staging because they show the intense hotspot of the tumor and are very sensitive in
detecting any skip or distant bony metastases [43]. 18-Fluorodeoxy-glucose posi-
tron emission tomography (18FDG-PET) combined with a whole-body CT is being
increasingly used in staging and also in treatment monitoring [44—46]. On 18FDG-
PET/CT, there is increased uptake within the tumor, which decreases following
effective neoadjuvant therapy [44—46]. Whole-body MRI and PET/CT are currently
being evaluated for the detection of metastatic disease [47].

Biopsy is a key diagnostic method for sacral osteosarcomas and should be care-
fully planned according to the definitive surgery, in order to avoid improper
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treatments or negative effects on survival [48-50]. Conventional high-grade osteo-
sarcoma is the most frequent variant at histopathologic evaluation. Multicentric
osteosarcoma is a rare type of the disease characterized by a synchronous or meta-
chronous appearance of multiple skeletal lesions. Some cases with sacral involve-
ment have been reported [51, 52] with extremely poor prognosis. On the other hand,
low-grade osteosarcoma of the sacrum (well-differentiated intraosseous osteosar-
coma) has been described in only one report in literature [53].

16.4 Treatment

In recent years, multidisciplinary approach and aggressive adjuvant/neoadjuvant
chemotherapy have increased the oncologic outcome of patients with osteosarcoma
[5, 6, 35, 37, 54-60], even if spinal involvement has been linked with a very poor
prognostic outlook with median survival times of only 10-23 months. Much like
with Ewing’s sarcoma, a combination of chemotherapy with surgery (when possi-
ble) is also the standard therapy in tumors involving the axial skeleton. Some authors
suggested that patients with osteosarcoma of the spine should be treated with a
combination of chemotherapy and at least marginal surgery [4]. Postoperative
radiotherapy can also be applied in the treatment program and may be of benefit in
selected patients.

16.4.1 Chemotherapy

Currently, chemotherapy is undoubtedly the method that is likely to cure the greatest
proportion of patients with osteosarcoma. However the association with surgery is
essential for the local control and the management program of all patients. In fact, in
the presence of effective chemotherapy, osteosarcoma is rarely cured without surgi-
cal resection [5, 17, 61]. Doxorubicin, cisplatin, high-dose methotrexate, ifosfamide,
and etoposide have antitumor activity in osteosarcoma and are frequently used with
different protocols as the basis of treatment [54, 57-59, 62]. The selection of postop-
erative adjuvant chemotherapy based on the degree of the tumor necrosis induced by
preoperative therapy improves the patient survival rate [59, 62]. New drugs such as
bisphosphonates, interferon, interleukin, and monoclonal antibodies have been tri-
aled in preclinical and clinical studies, showing encouraging results [59]. Specific
aspects on protocol of treatment are analyzed in the dedicated chapter.

16.4.2 Sacrectomy

Recent progression of surgical techniques may enable total sacrectomy to improve
the survival of patients [63—-68]. Patients whose tumors can be completely resected
with adequate margins should be approached with curative intent. Simon et al. [29]
reported a patient disease-free almost 5 years after surgical excision alone. However,
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the surgical intervention is quite challenging given the magnitude of treatment, the
significant compromise of neurological status, and the high risk of complications
[69-72]. To date, the question whether this type of surgery is really beneficial to the
affected patients is still debated. Ozaki et al. [4] show that complete tumor resection
may improve their prognosis. In the author’s experience, most patients have unre-
sectable or partially resectable tumors, or metastases at presentation, and thus are
not good candidates for a surgical treatment (or adequate margins cannot be
achieved). Obviously sacral resection in low-grade tumors should be considered the
mainstay of treatment and has been successfully reported [53].

There is no absolute contraindication for surgical resection because the decision
is dictated by local practice and the surgical expertise of the tumor center. Relative
contraindications for resection are large extraosseous extension, major neurovascu-
lar involvement, high mortality/morbidity risk with extensive surgery, and unavail-
ability of experienced multidisciplinary team.

16.5 Radiation Therapy

In general, radiotherapy has a limited role in the management of osteosarcoma
because of the relative radioresistance and the need for a large dose of radiation to
achieve clinical response, but there are anatomical locations in which the possibility
of complete surgical resection is unfeasible [73-75]. However, the effect of chemo-
therapy alone is usually temporary, and there is a need of intensive treatment for
local control. In these cases, radiation therapy may be an option to try to extend the
progression-free interval. Another possible scenario is the use of adjunctive irradia-
tion in patients who underwent intralesional or inadequate surgery, in which the
overall survival was better compared with patients that not received further local
treatments [4, 6].

Radiotherapy may provide significant palliation in patients with unresectable
sacral osteosarcomas (or patients that refused surgery), even if some cases success-
fully treated with combination of chemotherapy and radiation have been reported in
literature [6, 59, 76, 77].

Considering that high-dose conventional radiation cannot usually be given in the
sacrum and new radiation therapy techniques (e.g., proton beam and heavy ion car-
bon therapy) are available, the role of radiation therapy in osteosarcoma may need
to be reinvestigated with modern techniques that may extend indications [78].
Targeted internal radiotherapy with Sm-153-EDTMP could be an additional treat-
ment option for some patients with inoperable tumors [79, 80].

16.6 Oncologic Outcome

Although multimodal treatment, osteosarcoma of the sacrum has a significantly
worse outcome than it affects other sites [5, 6, 35, 58, 59]. In the recent ESMO
guidelines, primary metastases, axial or proximal extremity tumor site, large
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tumor size, elevated serum AP or LDH, and older age are considered adverse
prognostic or predictive factors [58].

The median survival for patients with osteosarcoma of the spine has been
reported in the range of 6-10 months [5-7, 16]. Shives et al. [6] reported that only
7 of 26 patients treated for their spinal osteosarcomas up to 1980 survived for 1
year. In a large retrospective series of spinal osteosarcomas (15 with tumors of the
sacrum and 7 with tumors at other sites), 86% of the patients survived 1 year, but
only 3 were alive at 6 years of follow-up [4]. Li et al. [20] reported a series includ-
ing two cases of osteosarcoma of the sacrum treated with hemisacrectomy and
adjuvant chemotherapy: one was alive with disease with local recurrence after
resection with marginal margins at 49 months of follow-up, whereas the other was
alive with no evidence of disease at 24 months (wide margin). Guo et al. [21]
reported a series on en bloc sacrectomies including two patients affected by osteo-
sarcoma: one was alive with disease with local recurrence at 11 months of follow-
up and the other alive with no evidence of disease at 20 months. Arkader et al. [22]
reported two cases of sacral osteosarcoma in pediatric age, disease-free at 8 years
of follow-up after sacrectomy and chemotherapy. Sundaresan et al. [7] suggested
that the combination of surgery, chemotherapy, and radiation may increase sur-
vival, showing three patients who survived longer than 36 months without evi-
dence of disease.
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17.1 Introduction

Ewing’s Sarcoma (ES) is a small round cells malignant tumor that accounts for 6-8%
of all primary bone tumors. Together with osteosarcoma, they are the most common
primary malignant bone tumors in children, most occurring during the first two
decades [1, 2]. Primary ES of the spine and sacrum presents unique anatomic limita-
tions specific to the neurological structures, vertebral column, and pelvic involvement,
that challenge our ability to offer good local control. The use of multidrug chemo-
therapy, together with radiation therapy (RT) and surgery for local control, has signifi-
cantly improved the prognosis of ES, even if it is still considered worse in the spine
compared to other site [3—5]. Owing to the rarity of sacral tumors, the observations on
long-term function and survival after treatment for high-grade sarcomas are limited to
case reports or small series [6—10], surgical techniques [6, 11-14], or cooperative
studies reporting cohorts that include but are not limited to sacrum [11, 15-22].

17.2 Epidemiology, Presentation, and Diagnosis

Primary Ewing sarcoma rarely affects the spine, and accounts for approximately
3.5-5% of the entire skeleton, falling down to 1% if the sacrum is excluded [3,
7, 20, 23-27]. Early diagnosis of sacral tumors is usually difficult because
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patients with a sacral tumor usually do not see a doctor until the symptoms
become severe. Night or rest pain, swelling, and low-grade fewer are the most
common presenting symptoms in early stages, followed by radiculopathy and
major neurological compromise, such as bowel and bladder dysfunction. When
delayed diagnosis occurs, tumor may reach a large size due to the lack of ana-
tomic barriers or tumor growth into the pelvic region [2, 12]. Serum HDL and
erythrocyte sedimentation rate are frequently increased, sometimes associated
to leukocytosis and anemia.

17.3 Imaging

ES is a predominantly lytic lesion and may be seen on plain radiographs, better on
lateral sacral view than anterior-posterior view. CT scans and MRI play a predomi-
nant role in evaluating the features, soft tissue and intramedullary/epidural extent of
the lesion, and in developing a preoperative surgical plan [28]. ES may present with
either a hot or cold bone scan [29]. CT-guided needle biopsy followed by immediate
initiation of chemotherapy and corticosteroids for patients with stable neurologic
deficits should be preferred to surgical decompression in conjunction with biopsy
[17]. PET and dynamic MRI seem not to be predictive for tumor response to pri-
mary chemotherapy [30, 31].

17.4 Pathology

The histopathological diagnosis of Ewing’s sarcoma family tumors is based on the
current criteria defined by the World Health Organization (WHO). Histologically,
ES comprises small round blue cells originating from bone and soft tissues; the
expression of neural markers distinguishes conventional ES from malignant primi-
tive neuroectodermal tumors (PNET). The majority of cases share a cytogenetic
translocation #(11;22) (q24;q12) with occasional variations and a characteristic
immunohistochemical staining profile.

17.5 Treatment

The current treatment for ES includes multiagent neoadjuvant and adjuvant chemo-
therapy, with local control performed by surgical resection (when technically
achievable) in combination with radiation therapy [5, 15, 32, 33]. Although Ewing
sarcoma is highly sensitive to radiation therapy, at today surgery should be consid-
ered as treatment for local control. However, it is unclear whether and to what extent
sacrectomy with wide margins provides local disease control, as well as the improve-
ment of efficacy supported by new technologies in the field of radiation therapy [14,
17, 18, 34, 35].
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17.5.1 Sacrectomy

Some authors consider that wide resection of the primary malignant sacral tumor is the
only way to reduce local recurrence and cure the patient [12, 14, 26, 36], but this cor-
relation is not clearly confirmed. As conclusion of a systematic review of the literature,
en bloc resection of ES of the spine is weakly recommended as it provides improved
local control, but not improved overall survival [15]. On the other hand, surgery with
inadequate margins (both piecemeal excision and en bloc resection with intrale-
sional margins) is associated with high recurrence rate and worse prognosis [16].

Clinical outcomes following sacral surgery parallel the level of neurologic sacri-
fice. Total or partial sacrectomy is a demanding procedure and may result in nerve
root sacrifice, potentially causing major neurologic deficits and functional compro-
mise, with high risk of complications (ranging from 32 to 67%, mainly infection)
and a technical challenge in the reconstruction [6, 14, 21, 34, 37-40]. Patients who
are able to retain one S3 nerve root and bilateral S2 nerve roots almost always regain
functional bowel, bladder, and sexual capacity, while patients with higher levels of
neurologic sacrifice have lesser capacity for these functions. Arkader et al. observed
that despite the neurologic deficits and the associated psychological impact, survi-
vor patients with sacrectomy are active participants in society [34].

17.5.2 Chemotherapy

Chemotherapy is critical in the treatment of ES [2, 5, 15], therefore sacrectomy
without effective chemotherapy most likely would be insufficient to achieve disease-
free status. Multiagent neoadjuvant chemotherapy is considered the standard in
patients with ES, increasing the likelihood of local control and facilitating eventual
surgical approaches [1, 2, 5, 15]. When ES is surgically treated, one of the most
important prognostic predictive factors is the pathological evaluation of
chemotherapy-induced tumor necrosis [5, 41]. Specific aspects on protocol of treat-
ment are analyzed in the dedicated chapter.

17.5.3 Radiation Therapy

If en bloc resection is not feasible due to the lack of the criteria to perform wide
resection or to unaccepted functional loss, the combination of radiation therapy
(RT) and chemotherapy seems to be the best option rather than intralesional surgery
[17, 18]. Previous experience has suggested that debulking procedures followed by
RT do not improve outcomes in patients with Ewing tumor compared with RT alone
[42], and intralesional dissection might result in tumor seeding [43]. With the
advantages of new technologies, RT provides reasonable local control for ES of the
spine with acceptable long-term toxicity in survivors, justifying its evaluation in
alternative to surgical treatment [17-18].
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17.6 Oncologic Outcome

The overall survival of primary high-grade malignant sacral tumors depends on
the tumor type, presence of metastasis, response to chemotherapy, local control,
and/or quality of surgical margins [11-15, 20-22, 34, 41]. The local recurrence
rate is relatively high after surgery due to the location, the complex anatomy, and
the difficulty in achieving safe margins. Bacci et al. [41] reported a series of spinal
ES that includes 17 patients with sacral involvement. Authors reported their
results with local recurrence rate of 29% and 5-year event-free survival rate of
0%, concluding that tumors primarily located in the sacrum have a much poorer
outcome compared to those located in other bones. Guo et al. [14] reported a
series on en bloc sacrectomies with only one patient affected by ES, that died of
disease at 13 months of follow-up. Li et al. [13] reported a series including three
cases of ES of the sacrum treated with hemisacrectomy, with two patients alive
with no evidence of disease at 43 and 69 months of follow-up. Bradway and
Pritchard underlined the importance of surgical resection considering that 6 out of
15 patients with sacral involvement remained alive compared to none of four
patients with lumbar lesions [44]. Arkader et al. [34] reported a disease-free sur-
vival rate of 75% in children with osteosarcoma and ES of the sacrum, suggesting
that sacrectomy has the potential to be curative. However, other authors reported
good local control in nine cases with sacral involvement treated with radiotherapy
only for local control (except one treated with surgery and radiation therapy), with
5-year EFS of 44% [17].
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18.1 Introduction

Neoplasms of the sacrum are relatively uncommon, representing 1-2% of all mus-
culoskeletal tumors [1]. They can be classified as primary or metastatic, the former
being either benign or malignant. The most common malignancy of the sacrum is
metastatic disease, whereas the most common primary sacral tumor is chordoma;
more rare sacral malignancies include hematologic neoplasms, Ewing’s sarcoma,
chondrosarcoma, and osteosarcoma [2].

Hematologic malignancies, more frequently multiple myeloma and lymphoma,
occur relatively frequently in the sacrum, accounting for 18% of all primary
malignant sacral tumors [3]. Traditional treatment for hematologic neoplasms
affecting bone consists of chemotherapy and/or radiation therapy [4]. As medical
treatment of these conditions improves and patients’ survival extends, skeletal
lesions caused by hematologic malignancies are more likely to necessitate some
form of orthopaedic surgery or interventional procedure, with either curative or
palliative intent.
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18.2 Lymphoma

Primary lymphoma of bone is rare, accounting for 3—7% of bone tumors and less
than 2% of adult lymphomas [5, 6]. Although there is no universal definition, by
convention, an interval of 4—6 months between skeletal manifestation of the lesion
and the development of extraskeletal disease is required for the tumor to be consid-
ered a primary tumor in bone [5]. Because of the infrequency of primary bone lym-
phoma and the disagreement as to its clinical definition, there have been few
published series documenting patients’ outcomes, clinical characteristics, and bio-
logical aspects [5—17].

The great majority of bone lymphomas are diffuse large B-cell Non-Hodgkin
lymphomas. In three published large series of primary bone lymphoma, this histo-
type was represented in at least 70, 79, and 83% of cases [7-9]. More than 50% of
primary lymphomas of bone occur in patients older than 60 years, with a slight male
predominance [8]. The vertebrae, femur, and pelvis are the most frequently involved
bones, accounting for approximately 29%, 12%, and 13% of lesions, respectively.
Lesion multifocality is seen in approximately 15% of cases [8].

The incidence of primary sacral lymphoma is unknown, due to its rarity, with
only a few case reports dedicated to the subject [2, 10]. Similarly to other sacral
lesions, persistent low back pain from a sacral insufficiency fracture, and referred
pain to a leg or buttock from nerve root irritation, are the usual presenting symptoms
[2]. Neurological signs are rarely seen prior to diagnosis or tend to manifest late in
the course of disease. If the lesion has expanded into the presacral space, rectal
exam may reveal the presence of a palpable soft tissue mass.

Radiographic features are usually non-specific and tend to overlap with those of
other tumors. As a rule of thumb, lymphoma of bone will present as a lytic destruc-
tive lesion with a permeative or moth-eaten pattern [5]. CT and MR imaging are
helpful in evaluating the extent of bone involvement and cortical erosion, as well as
the soft tissue extension of the tumor. Bone scan or PET/CT are useful to document
additional foci of bone or extraskeletal involvement [11].

The Ann Arbor staging system developed for Hodgkin’s disease has also been
used in staging non-Hodgkin lymphomas [12]. This staging system focuses on the
number of tumor sites (nodal and extranodal), location, and presence/absence of
systemic symptoms [12]. Percutaneous biopsy of sacral lesions is a reasonable first-
line diagnostic tool. Fine-needle aspiration biopsy sampling performed using CT,
fluoroscopic, or ultrasound guidance has been reported to be successful [13];
although the use of fine-needle biopsy in musculoskeletal tumors is not recom-
mended. Because there is a 7% rate of false-negative findings, a negative biopsy
result should prompt a repeated biopsy procedure, preferably using a core or tre-
phine tool, or an open biopsy [2].

Immunohistochemistry is usually essential for diagnosis. Lymphoma must be
distinguished from other hematopoietic neoplasms, such as plasma cell myeloma,
Langerhans cell histiocytosis, and mastocytosis. The differential diagnosis should
also include round-cell tumors, such as Ewing’s sarcoma, rhabdomyosarcoma, and
metastatic small cell carcinoma. Most untreated diffuse large B-cell lymphomas are
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CD20-positive. If this is negative, PAXS or CD79 will usually be positive. Once the
diagnosis is confirmed, further prognostic tests, such as Ki-67, CD10, BCL6, and
MUMI, are usually requested to subclassify the disease and guide treatment [14].
Radiation therapy and chemotherapy are the standard treatments for primary lym-
phoma of bone. A general algorithm for stage I/II, nonbulky disease involves
3—4 cycles of rituximab plus cyclophosphamide, vincristine, doxorubicin, and pred-
nisone (CHOP), followed by involved field radiation therapy (IFRT) [15-17].

18.3 Multiple Myeloma

Multiple myeloma is a monoclonal, neoplastic proliferation of plasma cells that
involves the bone marrow and occasionally extraskeletal sites, whose prominent
feature is the widespread presence of lytic bone lesions [14]. It is one of the most
frequently occurring hemapoietic malignancies (10%), accounting for approxi-
mately 1% of all malignant neoplasms in White and 2% in Black patients [14]. It is
also the most frequent neoplasm to present with skeletal lesions, with the skull,
vertebral bodies, pelvis, and proximal parts of long bones being the most commonly
involved sites [18, 19]. Peak incidence is between ages 65 and 74 years, with a
median age at diagnosis ranging from 66 to 69 years [20, 21].

It is currently accepted that myeloma is always preceded by (or evolves from) a
premalignant condition clinically recognized as monoclonal gammopathy of unde-
termined significance (MGUS) [22]. MGUS is usually asymptomatic and present in
3-4% of the general population older than 50 years. It is associated with a risk of
progression to multiple myeloma of approximately 1% per year [23]. Smoldering
multiple myeloma (SMM) is an intermediate stage between MGUS and multiple
myeloma and is associated with a higher risk of progression of approximately 10%
per year [24].

The most common presenting symptoms of multiple myeloma are fatigue and
bone pain [25]. Anemia is detected in 75% of patients, whereas osteolytic skeletal
lesions are present in 80% of cases [21]. Other findings may include hypercalcemia,
renal failure, proteinuria, and a history of recurrent infections [14]. The cardinal
diagnostic feature of multiple myeloma is the detection of monoclonal (M) protein
on serum or urine protein electrophoresis (82% of patients) [25]. Serum immuno-
fixation, serum-free light chain (FLC) assay, or 24 h urine studies can further
increase sensitivity of detection [26]. The M protein type is IgG in approximately
50%, IgA in 20%, immunoglobulin light chain only in 20%, IgD in 2%, and IgM in
0.5% [25]. About 2-3% of multiple myeloma has no detectable M protein and is
referred to as nonsecretory multiple myeloma [27].

The baseline diagnostic work-up required for the diagnosis of multiple myeloma
includes a complete blood cell count, measurement of serum calcium and creatinine
levels, serum and urinary protein electrophoresis with immunofixation, serum FLC
assay, and bone marrow examination [21]. Plain radiography of the entire skeleton
(skeletal survey) to detect osteolytic bone lesions usually completes the diagnostic
work-up [28]. From a biopsy standpoint, diagnosis of multiple myeloma requires
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the presence of clonal bone marrow plasma cells of >10%, or biopsy-proven bony
or extramedullary plasmacytoma [29]. Skeletal lesions typically represent multifo-
cal, sharply demarcated, lytic, often called punched-out lesions. CT and MR imag-
ing are useful adjuncts in the spine, or when skeletal survey is initially negative.

Although multiple myeloma is still considered by many to be a single disease, it
is in reality a collection of several cytogenetically distinct plasma cell neoplasms.
These distinct forms of myeloma are designated as solitary plasmacytoma of bone,
extramedullary plasmacytoma, nonsecretory myeloma, plasma cell leukemia, and
osteosclerotic myeloma (POEMS) [14]. Amyloidosis associated with multiple
myeloma can also cause bone lesions (amyloidomas) [30]. Although median sur-
vival in patients with multiple myeloma is approximately 5—7 years, there is major
variation in survival depending on host factors, tumor burden (stage), biology (cyto-
genetic abnormalities), and response to therapy [31]. Based on these premises, risk
stratification is carried out, which will subsequently lead to treatment. Molecular
classification is important, as high-risk cytogenetic features are likely to modify
therapy accordingly.

Until 2000, the mainstay of therapy for multiple myeloma was the use of alkyl-
ators and corticosteroids, and in selected patients, high-dose chemotherapy with
autologous stem cell transplant (ASCT) [21]. Subsequently, alternative agents, such
as thalidomide, bortezomib, and lenalidomide, have emerged as effective agents
that have significantly improved clinical outcome [32-35]. More recently, carfilzo-
mib, pomalidomide, panobinostat, daratumumab, ixazomib, and elotuzumab have
been approved for the treatment of multiple myeloma in the United States, substan-
tially expanding the number of treatment regimens available for patients in all stages
of the disease [21]. In patients diagnosed with multiple myeloma, development of
end-organ damage (myeloma-defining events) is the hallmark indication for treat-
ment initiation [20]. Evidence of end-organ damage is traditionally represented by
the acronym CRAB (hyperCalcemia, Renal insufficiency, Anemia, lytic Bone
lesions) [18, 36, 37]. Multiple myeloma without end-organ damage is referred to as
smoldering multiple myeloma (SMM) and should be monitored closely, as these
patients have a risk of progression of approximately 10% per year for the first
5 years, 3% per year for the next 5 years, and 1% per year thereafter [24].

The most important phases of therapy are initial therapy, ASCT (if eligible),
consolidation/maintenance therapy, and treatment of relapse [21]. Transplant-
eligible patients typically receive approximately four cycles of initial therapy fol-
lowed by stem cell collection and ASCT. Delayed ASCT, with stem cell collection
after four cycles of initial therapy and cryopreservation for future use, is also pos-
sible. Pre-transplant conditioning (total body irradiation and/or melphalan) is neces-
sary prior to ASCT [38]. ASCT has been shown to increase median survival in MM
by approximately 12 months [39]. The upper limit for ASCT is 65 years in most
countries (75 years in the US) [20, 21]. Transplant-ineligible patients are usually
treated for 12—-18 months. After initial therapy, with or without ASCT, consolida-
tion/maintenance therapy should be considered. Treatment at relapse or progression
is more complicated and may include re-induction and repeat ASCT, or treatment
with novel drugs [20].
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Supportive care is also paramount in patients with multiple myeloma.
Hypercalcemia is usually treated with hydration, steroids, and bisphosphonates
(pamidronate or zoledronic acid). Pamidronate at 60-90 mg intravenously over
2-4 h, or zoledronic acid at 4 mg intravenously over 15 min, will normalize the
calcium levels within 24-72 h in most patients [40, 41]. In refractory patients,
salmon calcitonin may be used. A small percentage of patients with multiple
myeloma may develop hyperviscosity syndrome (especially in the IgA subtype).
This should be promptly treated with plasmapheresis [42]. Prevention of recurrent
infections is another important issue. Patients with MM should receive pneumococ-
cal and influenza vaccinations. Intravenously administered gammaglobulin every
3—4 weeks is indicated if patients have recurrent serious infections associated with
severe hypogammaglobulinemia [21]. Prophylaxis against herpes zoster reactiva-
tion and Pneumocystis jiroveci should also be considered [43].

Maybe the most important element in the supportive care of patients with mul-
tiple myeloma is the use of bisphosphonates to prevent and/or reduce the number of
skeletal events and, ultimately, the associated pain and morbidity. Zoledronic acid
or pamidronate once monthly at least for the first 1-2 years is recommended for
almost all patients with multiple myeloma who have evidence of myeloma-
associated bone disease [44—48]. All patients should receive a dental examination
before initiation of bisphosphonates, and invasive dental procedures should be done
with caution because of the risk of osteonecrosis of the jaw [49]. Local radiation
therapy is also used in patients with pain refractory to analgesics and systemic ther-
apy, as well as in case of spinal cord compression with extramedullary tumor exten-
sion. Vertebroplasty and kyphoplasty are frequently used for vertebral pathological
fractures [50]. Prophylactic nailing is also commonly performed for pathological or
impending fractures of long bones. Sacroplasty is also evolving as an acceptable
and efficient treatment of MM-induced sacral insufficiency fractures. Even though
published series are limited, results intended primarily as pain relief seem to be
promising [51-53].

Treatment is different in the case of localized disease, such as solitary plasmacy-
toma or extraosseous plasmacytoma. These cases can be treated either with cura-
tively intended radiation therapy to the involved field with cumulative doses of
>45 Gy [54, 55], or resected surgically [4, 20]. Although cure is the primary goal of
treatment in solitary plasmacytoma, a progression to multiple myeloma may occur in
30-60% of cases within the next 3—5 years, thereby requiring regular follow-up [56].
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Andrea Angelini, Andreas F. Mavrogenis, and Pietro Ruggieri

19.1 Introduction

Primary malignant tumors of the sacrum are rare [1-3]. The most frequent are
chordomas followed by hematologic neoplasms, osteosarcomas, Ewing’s sarco-
mas, and in very rare cases, chondrosarcomas [3]. Chondrosarcomas (CS) can
be classified as a primary malignant bone tumor (>90%) when they arise de
novo or as a secondary malignant transformation of an underlying enchondroma
or osteochondroma (<10%). They are further classified as central (intramedul-
lary) or peripheral (on bony surface). Studies for patients with CSs of the sacrum
are limited (Table 19.1) [4—10]. Most of the studies reported on patients with
CSs in various skeletal sites, and tumor location is not always clearly described
[11-13]. Therefore, the outcome of the patients with CS in this location is
unclear.
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Table 19.1 Summary of the most relevant studies involving patients with chondrosarcoma of the

sacrum
Age- | Primary Adjuvant
Study | Patients | gender | tumor Sacral level | treatments | Procedure/margins | Survival
Bergh |11 N/A | CS (high N/A N/A None (4 cases) DWD (8
et al. [4] proportion of cases)
(2001) grade 2 and Resection (2) NED (2
grade 3 CS) cases)
Ext NEDLR
Hemipelvectomy | (1 case)
“4)
Sacrectomy (1)*
Fourney | 1 39M | CS L5-S1 None Resection/W DWD 33
et al. [5] months
(2005) |1 37M | CS Hemisacrum | None Ext AWD 78
Hemipelvectomy/M | months
1 59M | CS Hemisacrum | None Resection/M AWD 65
+S1J months
Hsieh 1 46F | CS N/A None Resection/M NED 32
et al. [6] months
(2009)
Chan 1 62M | Well- S1-S5 Rxt Debulking/IL NED
etal. [7] differentiated 1.5 years
(2014) CS
Possover| 1 33F |GradeICS |L5-S3 + SIJ| None Resection/W® NED 17
et al. [8] months
(2014)
Lietal |1 46F | CS N/A None Hemisacrectomy/W | AWD 25
[9] months
(2014) 11 35F |CS N/A None Hemisacrectomy/W | NED 29
months
1 5IM | CS N/A None Hemisacrectomy/M | DWD 21
months
1 38F |CS N/A None Hemisacrectomy/M | NED 23
months
1 42M | CS N/A None Hemisacrectomy/W | NED 69
months
Zang 1 43F | CS S1-S3 None Debulking/IL NED 29
et al. months
[10]
(2015)

CS chondrosarcoma, Cht chemotherapy, Rxt radiation therapy, SIJ sacroiliac joint, NED no evi-
dence of disease, DWD died with disease, AWD alive with disease, N/A not available
aSurgical margins were wide in five cases and intralesional in two
"Resection has been performed under laparoscopic control
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19.2 Epidemiology, Presentation, and Diagnosis

CS predominantly arises in elderly patients (range, 30-70 years) with a peak inci-
dence in the sixth decade [14]. CSs can occur in all bones, but rarely involve the
spine: the prevalence is reported between 6.5 and 12% in the mobile spine and
approximately 2-5% within the sacrum [3, 4, 15-17]. Considering only the spine,
roughly 19-20% of CSs arise in the cervical spine, 30-48% in the thoracic spine,
20-33% in the lumbar spine, and 16-20% in the sacrum [4, 15, 18].

Primary CS is usually eccentric and involves the proximal part of the sacrum,
destroying the sacroiliac joint [4, 5]. Secondary CS can develop from benign lesions
most frequently in diffuse disease such as enchondromatosis, Maffuci syndrome, or
Ollier’s disease [19].

Clinical occurrence of CS varies widely. Tumor remains clinically silent for a
long time before the patients finally experience pain in the area of the lesion, or pain
can be present for weeks to years. Swelling and sacral mass at presentation, as well
as neurological symptoms, are associated with large tumors. Radicular symptoms
are seen in roughly 24% of patients [18]. In huge tumors, skin ulceration and hemo-
serous discharge may be observed [7].

19.3 Imaging

An adequate staging of sacral CS includes complete imaging assessment and histo-
logic evaluation. CS presents radiographically as a mixed lytic with typical dense
areas of calcifications in the extraosseous soft tissue component of the tumor [20,
21]. CT scan and MRI show the same appearance of CS of the extremities. Additional
imaging studies include a CT scan of the chest, abdomen, and pelvis. Bone scan
could be useful in distinguishing central to peripheral CS [21] as well as for early
diagnosis of silent lesions in the rest of the spinal column. The appropriate imaging
studies allow for a better understanding of the extent of the lesion as well as a dif-
ferential diagnosis, but biopsy is a key diagnostic method for sacral CS and should
be carefully planned according to the definitive surgery.

19.4 Pathology

Histologically, CSs show abundant blue-gray cartilage matrix production and irreg-
ularly shaped cartilage lobules varying in size and shape. These lobules may be
separated by fibrous bands or permeate bony trabeculae. Mitotic figures, hyper-
cellularity, mild to moderate nuclear atypia, double-nucleated cells, and myxoid
changes in the stroma can be observed [15, 16, 19, 20, 22]. CSs are pathologically
classified as conventional (80-85%), clear cell (1-2%), myxoid (8-10%),
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mesenchymal (3—10%), and dedifferentiated (5—10%) subtype [19, 22]. Moreover,
they are grade on a scale of 1 (low grade) to 3 (high grade) based on nuclear size,
nuclear staining, and cellularity [22, 23].

19.5 Treatment

Sacral CSs are rare and thus difficult to manage. In general, surgery is the most
accredited treatment modality, as no chemotherapy has been demonstrated to be
effective against CS as well as conventional radiotherapy [35, 6, 15, 16, 18]. Resection
with wide margins is the procedure of choice in sacral CS, since this is the most
effective way of reducing recurrence rate [6].

19.5.1 Surgical Treatment

Surgical treatment consisting of either curettage (debulking procedures) or en bloc
resection has been described for both primary and recurrent tumors [5, 6, 10]. Sacral
tumors are often large and achieving adequate surgical margins during resection is chal-
lenging, because of difficulties in accessing the lesion, risks for damages of neighboring
organs, and risks for massive blood loss due to an extensive vascularity. Moreover, CS
usually involves the sacroiliac joint [9, 24]. Therefore, the surgical expertise required to
remove these tumors is usually found only at centralized tumor treatment centers [4].
Nevertheless, in some cases, intralesional curettage, or debulking procedures, are more
appropriate [7, 10], as well as been reported for CS of the mobile spine [25].

Results following curettage are contradictory, probably due to the different
behavior of tumor in relation to histologic grade. In the mobile spine, two groups
reported their large experience showing local recurrence or progression of disease
in all cases treated with curettage, with poor oncologic outcome [15, 25]. York et al.
found a recurrence rate of 69% and 20% in patients treated with intralesional or
wide margins, respectively [18]. Good results with intralesional excision combined
with radiotherapy have been reported in cases of low-grade well-differentiated
chondrosarcoma [7]. Other case reports reported no evidence of disease or recur-
rence in patients treated intralesionally for sacral CS [10].

The role of en bloc resection in the treatment of sacral CSs has been well-
established, even if the surgical planning should be customized on the patient [4-6].
Patients whose tumors can be completely resected with adequate margins should be
approached with curative intent. Fourney et al. reported on three patients with sacral
CS in their series on en bloc resections of sacral tumors. All patients had local recur-
rence with poor oncologic outcome after resection, but a previous inadequate treat-
ment was performed in all cases [5]. This report underlines the important role of
negative margins and the need of a specialized tumor center. Possover et al. [8]
reported a case of ilio-sacral CS treated with laparoscopic-assisted posterior resec-
tion, concluding that primary anterior laparoscopic approach appears to be a good
way for preparation sacral resection.
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Fig. 19.1 Patient with
chondrosarcoma of the
sacrum treated with total
sacrectomy and
reconstruction. Plain
radiograph show the
breakage of the implant at
8 months of follow-up
(white arrow) that has
been surgically revised

In the Author’s experience, eight patients with sacral CS have been treated since
1975-2012. Surgery has been considered for six out of eight cases and consists of
sacral resection (four cases), intralesional curettage (one case), and excision with
laminectomy (one case), whereas one patient with mesenchymal CS received both
radiotherapy and chemotherapy and one patient with grade I CS refused treatments.
Two patients had local recurrence and died of disease at 2.5 and 7 years of follow-
up. Moreover, although en bloc sacral resections can improve the clinical outcome,
the procedures do not come without complications [26-28]. In our experience, 67%
of the cases surgically treated reported a complication (three deep infections and
one revision for breakage of the spino-pelvic reconstruction (Fig. 19.1).

19.5.2 Radiotherapy and Chemotherapy

Chondrogenic tumors are considered relatively radioresistant. Radiation therapy
can be considered after resection with inadequate margins as local adjuvant, when
resection is not feasible or would cause unacceptable morbidity, and as palliative
procedure for pain relief [13, 29]. The use of low adjuvant dose of radiotherapy (in
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the dose range of <70 Gy) combined with surgery could be useful to improve local
control without a compromise of nerve function [30, 31]. CSs are heterogeneous
group of tumors with different histology, biological behavior, and chemosensitivity.
Conventional chemotherapy has been undertaken in patients with high-grade lesions
with scarce benefit and several attempts are ongoing to explore alternative target
therapies in CS [32, 33].

19.6 Oncologic Outcome

The survival of patients with pelvic, sacral, and spinal CSs is substantially lower to
those with tumors of the appendicular skeleton (ranging from 25 to 54%) and
appears to be related to the histological grade of the tumor, age at diagnosis, previ-
ous inadequate treatment, surgical margins, and high recurrence rate [11-13, 23,
34-38]. Previous study on pelvic CS reported that histological grade is the single
most important predictor of the overall survival of the patients: the higher the histo-
logical grade, the lower the survival to death, local recurrence, and metastasis [4,
13]. The other major prognostic factor is the surgical margin: an inadequate margin
or incomplete surgical resection is associated with local recurrence, and worse over-
all survival [4, 15, 18, 39], whereas patients who undergo successful en bloc exci-
sion have recurrence rates as low as 20%.
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Anatomy and Surgical Approaches 20
to the Sacrum

Sean Accardo and Ricardo Gonzalez

20.1 Introduction

The treatment of tumors of and around the sacrum is complex, even in the most
experienced hands. As such, a thorough understanding of the anatomy of the
sacrum and its relations to the vast array of surrounding structures is of utmost
importance. With this understanding, and the histology and location of the tumor
being treated, the needed surgical approach can be chosen: from limited anterior
sacroiliac exposure for benign tumors to combined anterior and posterior
approaches for total sacrectomy in the treatment of large sacral chordomas.

In this chapter, we set out to describe the bony anatomy of the sacrum and
how it relates to the pelvis, and its contents, as a whole. The relevant neurovas-
cular structures within and adjacent to the sacrum will also be detailed.
Additionally, surgical approaches to the sacrum will be described. Both anterior
and posterior approaches, as well as combined approaches, will be detailed.
Finally, consideration will be paid for how these approaches affect soft tissue
reconstruction.
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20.2 Anatomy of the Sacrum
20.2.1 Bony Anatomy

The sacrum is a large bone of the axial skeleton, formed from the fusion of the S1
through S5 sacral vertebrae. It is triangular in shape and articulates with four other
bones: the L5 vertebra, the left and right innominate bones, and the coccyx. Centrally
there is the sacral canal, through which the continued lumbosacral dural sac sits, trans-
mitting the sacral nerve roots. Of note, the dural sac most often ends at the S2 sacral
body, with the remainder of the sacral nerve roots exiting caudally. The lateral projec-
tions of the sacrum, whose articular cartilage-covered lateral surface forms the sacral
surface of the sacroiliac joint, are referred to as the sacral alae. Anteriorly, within the
pelvis, the sacrum is curved in shape in both the axial and sagittal planes and tilted
such that the super portion of the sacrum faces slightly anterior; this allowed for
expanded volume within the pelvis. There are four pairs of anterior sacral foramina,
out of which exit the sacral nerve roots. These lie directly lateral to the transverse
sacral ridges, which demarcate the fusion lines between the fused sacral vertebrae.

Dorsally, the sacrum is narrower when compared to the anterior surface and also
convex is shape. In the midline is the median sacral crest, which is delineated by up
to four tubercles that represent the fused sacral vertebrae’s spinous processes.
Lateral to the median sacral crest is a relatively flat surface formed from the fused
transverse processes that are the origin of the multifidus muscle. Lateral to this sur-
face are the four pairs of posterior sacral foramina, out of which exits the posterior
sacral nerves. The most lateral portion of the posterior sacrum is overhung, but not
the posterior ilium and posterior inferior iliac spine. Most caudally, the sacral hiatus
is present, near the articulation with the coccyx, and represents the most caudal
extent of the sacral canal.

The lateral surfaces of the sacrum are somewhat triangular in shape, with the
cranial portion being broader than the caudal portion. The majority of the lateral
sacrum is comprised of the sacral portion of the sacroiliac joint, is convoluted in
geography, and is covered in articular cartilage. The thin, inferior-most edge of the
lateral sacrum is called the inferior lateral angle, off of which a bony projection
comes. Inferior to this is where the fifth sacral nerve exits. The inferolateral-most
portion of the sacrum is the attachment point for the sacrospinous and sacrotuberous
ligaments, along with some origin fibers of the gluteus maximus and coccygeus.

20.2.2 Ligamentous Anatomy

There are three general areas of ligamentous attachment to the sacrum: cranially at
the lumbosacral articulation, laterally at the sacroiliac joints, and inferiorly with the
sacrospinous and sacrotuberous attachments.

The lumbosacral articulation lies at the L5-S1 intervertebral disk. The usual
ligamentous attachments of the lumbar spine exist between the L5 vertebra and the
S1 portion of the sacrum.
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There are three ligaments, per side, that constitute the sacroiliac ligament com-
plex: the anterior sacroiliac ligament, the interosseous sacroiliac ligament, and the
posterior sacroiliac ligaments. Anteriorly, the anterior sacroiliac ligament is a thin
structure that traverses the entirety of the sacroiliac joint capsule. It is not separable
from the joint capsule itself. The interosseous ligament lies just anterior to the pos-
terior ligament complex and is formed by near horizontal fibers that directly connect
the ilium to the sacrum. The posterior sacroiliac ligament complex is the most sub-
stantial of the ligaments attaching the sacrum to the ilium. This complex is com-
posed of a short posterior sacroiliac ligament, which lies just posterior to the
interosseous ligament and has horizontal fibers, and the long posterior sacroiliac
ligament, which runs vertically cranially from the posterior superior iliac spine to
caudally at the lateral portion of the S3 and S4 segments.

The sacrospinous and sacrotuberous ligaments originate from the inferior lateral
portion of the sacrum, with the sacrotuberous ligament sharing some origin fibers with
the posterior sacroiliac ligaments. The ischial attachments of the sacrospinous and
sacrotuberous ligaments are the ischial spine and the ischial tuberosity, respectively.

20.3 Surgical Approaches to the Sacrum
20.3.1 Anterior Approach to the Sacroiliac Joint

The anterior approach to the sacroiliac joint is a reliable, reproducible, and safe
approach that can provide direct access to the entire anterior joint and lateral sacral
ala. This can be a useful approach for resection, curettage, and adjuvant treatment
of lateral sacral tumors that are being treated using marginal or intralesional treat-
ment principles.

20.3.1.1 Description of Approach

The patient is positioned supine on the operating table, with the option of placing a
bump under the ipsilateral buttock. An incision is made along the margin of the iliac
crest starting several centimeters proximal and posterior to the anterior superior
iliac spine and extending 2-3 cm distal to the anterior superior iliac spine. Once
through subcutaneous fat, incise the fascia and periosteum overlying the outer table
of the iliac crest, and carry this subperiosteal dissection over the brim of the iliac
crest. This, in effect, is dissecting the attachment of the abdominal wall musculature
to allow for suitable closure. At this point, the iliacus, whose origin is the inner table
of the ilium, is encountered and can be freed from the inner table bluntly. This is
often best done using a Cobb elevator and a laparotomy sponge. This dissection is
carried all the way to the sacroiliac joint. Several perforating blood vessels will be
encountered, which will need to be cauterized or controlled with firm placement of
bone wax. This dissection can be carried all the way to the lateral border of the
sacral foramina; dissection should not be carried medial to this point, unless neces-
sary, as there is considerable risk of damage to the anterior sacral nerve roots.
Cranially, caution should be exercised, as the L5 nerve root can be encountered as it
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crosses the brim of the sacral ala. Hohmann retractors can be placed directly into the
sacrum medially, as long as care is taken not to inadvertently place the point of the
retractor into the sacral foramen. Closure is fairly simple, requiring only reapproxi-
mation of the abdominal musculature fascia, subcutaneous tissue, and fat.

20.3.1.2 Dangers
Dangers in this approach are, as described above, the perforating nutrient vessels,
sacral nerve roots, as well as the lateral femoral cutaneous nerve.

The perforating nutrient vessels can generally not be avoided, but are easily con-
trolled with the use of bone wax or electrocautery.

The sacral nerve root can be avoided by not extending the dissection medially to
the lateral border of the sacral foramina. However, they can still be at risk due to
medial retractor placement into the sacral foramen.

The lateral femoral cutaneous nerve can be encountered if superficial dissection
is carried out distally. Damage to this nerve can generally be avoided by carrying
out dissection deep to the iliacus muscle and by not extending the dissection distal
to the anterior superior iliac spine.

20.3.2 Anterior Midline Approach to the Sacrum

The anterior approach to the sacrum is the utilitarian approach for sacrectomy. The
approach is utilized for higher resections of the sacrum, generally S2 and higher [, 2].

20.3.2.1 Description of Approach

For the transperitoneal approach, the patient is positioned supine for this approach,
on a radiolucent table. A standard midline incision is made. Dissection is carried
through the rectus abdominis muscle, in line with the incision. The peritoneum is
entered, and the bowel is mobilized cranially. The rectum is either freed and retracted
or transected. The pelvic vasculature is identified and mobilized, as needed. The
median sacral artery and vein are ligated about the level of planned osteotomy. The
internal iliac artery, or its branches, can also be ligated as needed. The lateral gutters
between the sacrum and pelvis are developed [2]. At this point, with the sacrum
visualized, the resection can proceed at the level dictated by the planned resection.
Closure occurs in the usual fashion needed for a standard laparotomy.

20.3.2.2 Dangers

Multiple dangers exist with the anterior approach: enteral injuries, iliac artery and
vein injuries (including main and secondary branches), and injuries in the sacral
venous plexus, sacral nerve root and its plexus, the obturator neurovascular bundle,
the urinary bladder and ureters, and in males the spermatic cord and base of the
phallus and in females the uterus. This all necessitates a thorough knowledge of the
anatomy of the pelvis and its contents, along with a multidisciplinary approach to
the planned procedure including general surgical oncology, orthopedic oncology,
vascular surgery, urology, and gynecologic oncology.
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20.3.3 Posterior Approach to the Sacroiliac Joint

The posterior approach to the sacroiliac joint, like the anterior sacroiliac approach,
can provide good access to the sacroiliac joint for treatment of benign tumors of the
lateral sacrum and posterior ilium.

20.3.3.1 Description of Approach

The patient is positioned prone on the operating room table. Either a curved or lon-
gitudinal incision over the posterior ilium, centered on the posterior iliac spine, can
be utilized. The gluteal fascia is incised, and the gluteus muscle is elevated from the
posterior ilium and sacrum. Care needs to be taken to attempt preservation of the
inferior gluteal artery and nerve as they exit the greater sciatic notch. Once the glu-
teus maximus is elevated and retracted laterally and inferiorly, the greater sciatic
notch, with the exiting piriformis muscle, will be exposed. The gluteus medius can
be elevated as needed, allowing for palpation through the greater sciatic notch of the
anterior sacroiliac joint. From here, the posterior sacroiliac ligament can be tran-
sected as needed, and the posterior ilium is fully exposed along with the posterolat-
eral sacrum. Much of this portion of the sacrum is obstructed from view due to the
overhanging posterior ilium. Closure of this approach involves repair of the poste-
rior sacroiliac ligament, gluteus maximus muscle and fascia, and standard subcuta-
neous closure.

20.3.3.2 Dangers

Dangers in this approach mainly involve the inferior and superior gluteal neurovas-
cular bundles, as lateral dissection can injure these important structures. If dissec-
tion needs to be carried out far laterally, these vessels should be identified and
protected.

20.3.4 Posterior Midline Approach to the Sacrum

The posterior midline approach can be utilized when performing sacral amputations
below the level of S2 [3]. The approach cannot be utilized alone when performing
sacrectomy above that level, as mobilization of structures anterior to the sacroiliac
joints cannot be exposed safely.

20.3.4.1 Description of Approach

For this approach, the patient is positioned prone. A midline incision is made
directly over the sacrum, from the L5 spinous process to the coccyx. An ellipse of
the skin can also be incorporated into the incision, as dictated by the tumor.
Subcutaneous dissection is carried down to the fascia. By starting midline and dis-
secting subperiosteally along the sacrum, the dorsal neural foramina are identified.
The dorsal nerve roots are often sacrificed. Dissection is carried out from cranial to
caudal and midline to lateral. Once the entire sacrum is exposed, which requires
elevation of the gluteus from the sacrum, the greater sciatic notches are identified.
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The common attachment of the sacrospinous and sacrotuberous ligaments is identi-
fied and transected. At this point, an osteotomy can be performed as determined in
the preoperative plan, either using lateral fluoroscopy or computer navigation. If a
total sacrectomy is planned, the sacroiliac ligaments can be resected in total by
incising them from their iliac attachment. A burr tip can be used to enter the sacral
canal at the proximal-most extent of the resection in order to identify and protect
most cranial sacral nerve roots. From here, the osteotomy can be completed, and the
caudal aspect of the sacrum can be “rolled out,” and anterior dissection can be per-
formed to free the sacrum.

Alternately, after subcutaneous dissection to fascia, the gluteus musculature can
be incised from its origin on the sacrum [4]. Care is taken to not damage the sciatic
or pudendal nerves, which are in close proximity to the gluteal transection. The
sciatic nerve is then identified exiting the greater sciatic notch. Transecting the
sacrotuberous ligament from the ischial tuberosity, thereby exposing the ischiorec-
tal fossa, can identify the pudendal nerve. From here the pudendal nerve lies on the
lateral wall, where it can be identified and protected. The sacrospinous ligament can
then be safely divided by retracting and protecting the now exposed pudendal nerve.
Blunt dissection can then be carried out to develop the presacral space, and the ano-
coccygeal raphe can be divided, allowing for complete access to the presacral space
from posterior.

Closure of this approach is dependent on the amount of resection and need for
soft tissue coverage, whether the rectum was excised [3]. Drains should be utilized
in all cases to prevent hematoma formation, as a significant space is created with
sacral resection.

20.3.4.2 Dangers

Dangers in this approach include injuries to the gluteal vessels, as in the posterior
approach to the SI joint, and injury to the sciatic nerves. Additionally, if not care-
fully dissected, significant injury to the rectum and anus can occur [5]. This approach
also necessitates a multidisciplinary team due to the multiple organ structures need-
ing mobilization and manipulation during the approach.

20.3.5 Combined Approaches to the Sacrum

A combined approach can be utilized for treatment of malignant tumors of the
sacrum, generally those requiring total sacrectomy, rectal involvement, or neurovas-
cular involvement. [3]. When sacral resection above the S3 level is required, a com-
bined approach is often necessary [6].

20.3.5.1 Description of Approach

The position of the patient can be in the lateral position, allowing for both anterior
and posterior midline approaches to be performed without patient repositioning
[4]. Often preferred, the alternate procedure is to perform each approach indepen-
dently, repositioning after completion of one half of the resection [1]. Whether to
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start anteriorly or posteriorly is at the discretion of the surgeon; however, the
anterior approach is often performed first to allow for harvest and passage of a
rectus abdominis flap [3]. Starting with the anterior approach first also allows for
ease of resection of the anterior sacroiliac ligaments that facilitates and expedites
posterior resection.

Another option when performing the combined approach is to stage the resec-
tion, separating the two approaches by 1-2 days. This allows for a single position
for each exposure as well as patient resuscitation between stages.

20.3.5.2 Dangers

The dangers of the combined approach include all those listed individually for the
anterior and posterior approaches, including damage to the gluteal vessels, the sci-
atic nerves, and enteral injury from the posterior approach and enteral injuries, iliac
artery and vein injuries, sacral venous plexus, sacral nerve root and its plexus, the
obturator neurovascular bundle, urinary system injuries, in males the spermatic cord
and base of the phallus and in females the uterus and adnexa from the anterior
approach. Additionally, in these cases, especially when done as a single stage, the
dangers of prolonged surgical case time are present including large blood loss, post-
operative ileus, nerve damage, and increased surgical time [6, 7]. By staging the
procedures, and allowing for patient resuscitation between stages, many of these
prolonged case dangers can be avoided or mitigated.

20.3.6 Approach Considerations for Soft Tissue Reconstruction

Most frequently, a large inferior and posterior defect will be present when resect-
ing large portions of the sacrum. Given the limited posterior coverage options,
most often a transverse rectus abdominis (TRAM) flap is utilized. This flap can be
harvested after the anterior approach and resection is performed, as harvest of this
flap before intrapelvic work is performed puts the pedicle of the flap at risk of
injury [1]. The standard midline laparotomy performed for most anterior
approaches allowed for easy harvest of this flap, which can then be manually
passed into the pelvis and left safely, after which the posterior approach and resec-
tion can proceed, allowing for combined resection and soft tissue reconstruction
without the need for patient repositioning. The chapter on soft tissue reconstruc-
tion further details specifics on this topic.

20.4 Summary

Given the anatomical complexity and morbidity associated with resection of sacral
tumors, a detailed understanding of the anatomy and surgical approaches is required
when treating tumors of the sacrum. The anterior and posterior approaches to the
sacroiliac joint allow for limited exposure of the lateral aspect of the sacrum along
with the medial portion of the ilium; however, the advantage of these approaches is
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their relative simplicity and often avoids damage to surrounding structures. In cer-
tain instances, an isolated anterior or isolated posterior approach can be utilized to
approach the sacrum. The anterior approach is fraught with danger to the abdominal
and retroperitoneal viscera, the iliac vasculature, and the genitourinary system.
However, the approach provides excellent exposure of the anterior sacral structures,
allowing for anterior sacroiliac ligament release and anterior osteotomy for high-
level sacral osteotomies. The posterior approach allows for exposure and resection,
with relative ease, of the lower sacral levels; however, soft tissue compromise is
often an issue, and the sciatic nerves, gluteal vasculature, and rectum and anus are
often at risk. In spite of these risks, a combined anterior-posterior approach is often
warranted. This is most effectively executed by performing the anterior approach,
TRAM harvest as needed, followed by patient repositioning and posterior approach,
completed resection, and soft tissue reconstruction. These prolonged, more compli-
cated, procedures often necessitate collaboration between multiple surgeons, be it
an orthopedic oncologist, general surgeon oncologist, vascular surgeon, urologist,
or plastic surgeon. A well-experienced and well-informed team will most certainly
add to the ease with which these complicated cases can be performed, while at the
same time decreasing complications and untoward surgical events.
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Management, and Surgical Techniques

Eric T. Newman, Francis J. Hornicek, and Joseph H. Schwab

21.1 Introduction

Latin for “sacred bone” and so named for its recurrent role in ancient Greek and
Egyptian mythology [1], the os sacrum remains the subject of much discourse and
scholarship in modern-day musculoskeletal oncology. While certain sacral tumors,
including hematologic malignancies, giant cell tumors, and the majority of meta-
static lesions, may be managed medically, chordomas, chondrosarcomas, and other
primary malignancies typically warrant resection. The surgical treatment of these
tumors demands careful attention to the complex interplay of anatomic, biome-
chanical, and oncologic factors. However, with meticulous preoperative planning
and input from a specialized multidisciplinary team, good functional and oncologic
results can be obtained.

21.2 Anatomy

The surgical management of sacral tumors requires a detailed understanding of the
bony, ligamentous, vascular, and nervous anatomy of the pelvis [2].

Bony anatomy: A single bone formed by the fusion of five vertebrae, the sacrum
articulates laterally with the ileum via paired L-shaped facets. Inferior articulation
(or fusion) with the coccyx involves the two horn-like coccygeal cornua and their
sacral counterparts. Four pairs of anterior and four pairs of posterior foramina carry
the anterior and posterior rami, respectively, of the S1—4 nerve roots, as they emerge
from the sacral canal. The termination of the sacral canal, which itself is the caudal
continuation of the vertebral canal, is the sacral hiatus.
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Ligamentous and articular anatomy: The articulation between L5 and S1
involves the two zygapophyseal joints and the intervertebral disk. The L5/S1 disk is
wedge-shaped, thicker anteriorly than posteriorly, contributing to the lordosis at this
level. Stout iliolumbar and lumbosacral ligaments, extending from the transverse
processes of L5 to the ilium and sacrum, reinforce the lumbosacral junction. The
synovial sacroiliac joints, prone to fibrosis and fusion with aging, are likewise sta-
bilized by thick anterior and posterior ligaments. Finally, the sacrospinous and
sacrotuberous ligaments serve to stabilize the bony pelvis, reinforce the lateral pel-
vic walls, and define the greater and lesser sciatic foramina.

Muscular anatomy: Relevant muscular anatomy about the sacrum includes the
paired piriformis and coccygeus muscles, as well as the anococcygeal ligament. The
piriformis originates on the anterior surface of the sacrum and exits the pelvis
through the greater sciatic foramen, en route to its tendinous insertion on the greater
trochanter. The piriformis serves as an important landmark within the greater sciatic
foramen; contents of the suprapiriform foramen include the superior gluteal nerve
and vessels, while structures exiting inferiorly include the inferior gluteal vessels,
sciatic nerve, pudendal nerve, internal pudendal vessels, posterior femoral cutane-
ous nerve, and nerves to the obturator internus and quadratus femoris.

Contents of the lesser sciatic foramen, separated from its superior counterpart by
the sacrospinous ligament, include the tendon of the obturator internus as it exits the
pelvis and the pudendal nerve and internal pudendal vessels as they reenter the pel-
vis. The coccygeus, which originates on the inner surface of the sacrospinous liga-
ment, inserts on the lateral borders of the sacrum and coccyx. The anococcygeal
ligament is formed at the midline raphe of the left and right levator ani musculature,
which constitutes the pelvic floor and helps to maintain anal and vaginal closure.
Posteriorly, the anococcygeal ligament inserts on the coccyx.

Peritoneal anatomy: The sacrum is a retroperitoneal structure. It should be noted
that the rectum is retroperitoneal as well; the upper two-thirds of this structure is
draped anteriorly by peritoneum, while the lower one-third is completely uncovered
by peritoneum.

Vascular anatomy: The internal iliac vascular system is relevant to surgery of the
sacrum and pelvis. The paired internal iliac (hypogastric) arteries typically branch
from the common iliac arteries at the level of L5/S1, anteromedial to the SI joint. At
the superior border of the greater sciatic foramen, the internal iliac artery divides
into anterior and posterior trunks, which each subsequently give rise to multiple
named vessels. The posterior trunk supplies the posterior pelvic wall and gluteal
region; branches include the iliolumbar artery, which ascends superiorly out of the
posterior pelvis and gives off a spinal branch that passes through the L5/S1 interver-
tebral foramen; the lateral sacral artery, which gives multiple branches that pass into
each anterior sacral foramina; and the superior gluteal artery, which exits the pelvis
through the suprapiriform greater sciatic foramen and supplies the abductor
musculature.

Relevant branches of the anterior trunk of the internal iliac include the internal
pudendal artery, which runs through Alcock’s canal with the pudendal nerve and
supplies the external genitalia; the obturator artery, which exits the pelvis through



21 Tumors of the Sacrum: Diagnosis, Management, and Surgical Techniques 257

the obturator foramen into the adductor compartment of the thigh; the inferior glu-
teal artery, which exits the pelvis through the infrapiriform greater sciatic foramen
and supplies the gluteus maximus and piriformis; and multiple branches to the pel-
vic viscera. The median sacral artery, an unpaired, midline vessel, branches off the
abdominal aorta just proximal to its bifurcation and travels down the anterior sur-
face of the sacrum and coccyx.

Nervous anatomy: The sacral and coccygeal plexuses, formed by the anterior
rami of S1-Co with contributions from L4 to LS5, carry primarily somatosensory
fibers, with sympathetic and parasympathetic components as well. As noted above,
four paired anterior and four paired posterior foramina transmit the anterior and
posterior rami of the S1—4 nerve roots. Each anterior ramus, except at the S4 level,
in turn divides into ventral and dorsal divisions.

The sacral plexus gives rise to multiple somatic nerves, including the sciatic
(L4-S2), superior and inferior gluteal, and pudendal nerves, as well as smaller
motor branches to the quadratus femoris, gemelli, obturator internus, levator ani,
and coccygeus muscles, and two sensory nerves (the posterior femoral cutaneous
and perforating cutaneous). The pudendal nerve is of particular importance to sur-
gery of the sacrum and pelvis. Arising from the ventral divisions of the anterior rami
of S2-S4, the pudendal nerve exits the pelvis through the infrapiriform greater sci-
atic foramen, passes dorsal to the sacrospinous ligament, and reenters the pelvis
through the lesser sciatic foramen. As it does so, it courses along the lateral wall of
the ischioanal fossa within Alcock’s canal (pudendal canal), inferior to the pelvic
floor and accompanied by the internal pudendal vessels. The pudendal nerve inner-
vates the levator ani as well as the skeletal muscle of the external anal and urethral
sphincters and provides sensory innervation to much of the perineum and penis or
clitoris. Compression or injury to the pudendal nerve or its sacral nerve roots can
result in bowel, bladder, and sexual dysfunction.

In addition to its somatic nervous functions, the sacral plexus provides parasym-
pathetic visceral innervation through its contributions to the inferior hypogastric
plexus of the pelvis. Functions of parasympathetic pelvic innervation include vaso-
dilation of the erectile tissue of the penis or clitoris, stimulation of bladder contrac-
tion during micturition, and modulation of activity of the descending colon and
rectum. This parasympathetic outflow is carried by the pelvic splanchnic nerves,
which originate primarily from the S2-S4 roots. The pelvic splanchnic nerves join
fibers from the superior hypogastric plexus, which descends along the posterior
abdominal wall and carries both sympathetic and parasympathetic fibers, to form
the inferior hypogastric plexus.

Sympathetic functions of the inferior hypogastric plexus include innervation
of smooth muscle within the pelvic vasculature, internal anal and urethral sphinc-
ters, and reproductive tract (i.e., critical for the processes of ejaculation).
It should be noted that sympathetic fibers within the inferior hypogastric plexus
are supplied by the roots of T10-L2, but not by sacral nerve roots. Finally, the
somatic coccygeal plexus, with contributions from S4, S5, and Co, gives rise to
the anococcygeal nerve, which contributes to motor and sensory innervation of
the perineum.



258 E-T.Newman et al.

21.3 Applied Surgical Anatomy: Biomechanical
and Neurologic Considerations

The anatomic features of the pelvis inform the biomechanical and functional con-
siderations relevant to planning for sacral resections. Partial transverse sacrectomies
have been classified with respect to nerve root anatomy, wherein preservation of S3,
S2, and S1 corresponds to low, middle, and high sacrectomies, respectively [3].
Level of resection is of critical importance not only with respect to margin status but
also with respect to preservation of mechanical stability of the pelvis and mainte-
nance of bowel, bladder, and sexual function.

21.3.1 Biomechanical Considerations

Spinopelvic fixation is typically performed after total sacrectomy; in the absence of
reconstruction, as elaborated by one author, the resultant “flail axial skeleton precludes
the ability to ambulate” [4]. On the other hand, low partial sacrectomy does not warrant
reconstruction. However, the indications for reconstruction after high or middle partial
sacrectomy are less clear. Early biomechanical work performed by Gutenberg [5]
found that resection through (or just cephalad to) the S1 foramina weakened the pelvic
ring by 50%, while resection between the S1 and S2 foramina resulted in only 30%
weakening. A more recent cadaveric study, which purported to model physiologic
loading more accurately, found that pelvises with sacral resections just caudal to the S1
foramina could withstand forces associated with postoperative mobilization, while
those with resections just cephalad to the S1 foramina could not [6]. These authors
highlighted the importance of (at least partial) preservation of the sacroiliac joint and
noted that bone cuts just cephalad vs. just caudal to the S1 foramina are associated with
preservation of 75% vs. 84%, respectively, of the sacroiliac joint—perhaps signifying
a biomechanically significant “cutoff” point within that range. Clinical outcome data
have largely confirmed these findings. One review found that three of nine sacrecto-
mies involving the S1 body failed via fracture, ultimately requiring reconstruction [7];
another series from our institution, in which high-dose adjuvant radiation was utilized,
reported a 76% rate of postoperative sacral insufficiency following high sacrectomy, as
compared with 0% after low sacrectomy [8]. Not all authors advocate for reconstruc-
tion after total or high sacrectomy: Ruggieri et al. [9] have suggested that muscle and
scar tissue may form a “biologic sling” between the unreconstructed pelvis and lower
lumbar spine, which may migrate inferiorly toward the ilia. However, it is our prefer-
ence to perform spinopelvic reconstruction for any sacrectomy cephalad to the S3
foramina when adjuvant radiotherapy (and the attendant risk of fracture) is utilized.

21.3.2 Neurologic Considerations
The S3 nerve roots have traditionally been thought to play a critical role in supply-

ing normal bowel, bladder, and, to a lesser extent, sexual function. Sacrectomy with
nerve root sacrifice cephalad to S3 may result in loss of normal bowel and bladder
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function in many, if not all, patients [3, 5, 7, 10, 11]. Specifically, S2 may allow for
weak internal and external anal sphincter activity, but not for discrimination between
different rectal contents or sensation of rectal distention, nor for maintenance of the
micturition reflex. A review of 53 sacrectomies performed at the Mayo Clinic found
that preservation of bilateral S3 nerve roots ensured maintenance of normal bowel
and bladder function in 100% and 69% of patients, respectively; unilateral S3 pres-
ervation ensured maintenance of function in approximately two-thirds of patients.
All patients with sacrifice of bilateral S2 roots had abnormal bowel and bladder
function, and a minority of patients enjoyed normal bowel and bladder function
with bilateral S3 sacrifice [7]. However, a more recent case series [10] found slightly
improved outcomes with S3-sacrificing sacrectomies: normal bowel and bladder
function in 63% and 71%, respectively. Preservation of the S2 nerve roots—and
perhaps even S1 nerve roots alone—might be sufficient for maintenance of sexual
function [5, 12-14]. Unilateral S1-5 resection, with preservation of contralateral
nerve roots, has minimal impact on bowel, bladder, or sexual function [3, 5, 7].

Investigations of patient-reported outcomes at our center, utilizing PROMIS and
other subjective patient response questionnaires, have confirmed the negative impact
of more proximal resections, while demonstrating that postoperative bowel and
bladder deficits exist along a spectrum. Phukan et al. [15], in a review of survey data
from 33 patients, reported a stepwise decrease in voiding, continence, and defeca-
tion scores in patients with S4, S3, S2, and S1 partial sacrectomies, respectively. A
similar downtrend in defecation scores among patients with S4, S3, and S2 partial
sacrectomies was observed in a study of questionnaire data in 74 sacrectomy
patients at our institution and two others [14]. Taken together, these results argue
against a binary model of sacral nerve root contribution to bowel and bladder func-
tion: preservation of the S3 nerve roots, while ideal, may be neither sufficient nor
necessary in all cases for maintenance of normal voiding and defecation.

Evaluation of PROMIS questionnaire data also demonstrated that high partial and
total sacrectomies were consistently associated with chronic pain and significantly
lower physical and mental health scores in patients with resections cephalad to S3
[14, 15]. As with bowel, bladder, and sexual function, therefore, chronic pain must be
addressed in preoperative patient discussions as a known risk of high sacrectomy.
Notably, however, quality of life and functional scores following low sacrectomy were
in fact equivalent or superior to normative (general population) PROMIS data [15].

It should also be noted that the level of bony resection does not necessarily cor-
relate with the extent of sacral root sacrifice: intraoperative margin considerations
might require sacrifice of more cephalad nerve roots, or conversely, tumor location
might allow for the sparing of nerve roots contralateral or caudal to the bone cut.
Neurologic dysfunction might also result from disruption (caused by tumor or sur-
gery) of the pudendal nerves or the inferior hypogastric plexus, even if the sacral
nerve roots are preserved intraoperatively. Indeed, it has been demonstrated that the
greatest predictor of postoperative bowel and bladder outcome is preoperative func-
tion [10]. Finally, sacral nerve root status is only one of a number of factors that may
contribute to postoperative function. High partial sacrectomies may necessitate
lumbo-pelvic fixation, which can be associated with sciatic nerve dysfunction or
pain-generating hardware failure.
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21.4 Clinical Management of Sacral Tumors

Sacral tumors may present with pain, perineal sensory changes, and sexual, bowel,
and bladder dysfunction, the latter of which may be the result of either nervous or
direct visceral compression. Additionally, sacral tumors may be quite large before
symptoms arise. As for evaluation of any bone tumor, initial work-up should consist
of history, physical examination, and imaging studies, including plain radiographs,
computed tomography (CT) and magnetic resonance imaging (MRI) of the sacrum
and pelvis, and CT of the chest and bone scan for staging. Complete imaging of the
mobile spine should be performed as well; additional lesions may be present in 17%
of patients with sacral chordomas [16].

Tissue is necessary for histologic analysis and should preferably be obtained
through image-guided needle biopsy. Open incisional biopsy of chordomas, espe-
cially when performed outside of the ultimate treating center, is associated with a
higher risk of local recurrence, metastasis, and tumor-related death [3, 17, 18].
Analysis of sacral mass biopsy tissue should include immunohistochemical staining
for cytokeratins, EMA, vimentin, and brachyury, which stain strongly in chordoma
tissue, as well as for Ki-67, which is associated with a poor prognosis when present
with a high degree of proliferative activity in chordoma tissue [17]. Genetic analysis
is also emerging as a component of the clinical work-up, as knowledge increases
regarding the link between chordoma and brachyury, a notochordal “master regula-
tor” transcription factor [19]. Genetic duplication of the brachyury locus is typical
in familial chordomas, and a specific single-nucleotide variant in the gene has been
identified in 86—94% of chordoma patients and associated with a sixfold increase in
risk of chordoma development [19-21].

Tumor characteristics dictate surgical management, including extent of resection
and use of adjuvants. Chordomas are the most common primary sacral malignancy;
sacral chondrosarcomas, osteosarcomas, and Ewing sarcomas are seen as well.
Benign primary tumors include giant cell tumors, aneurysmal bone cysts, and oste-
oid osteomas/osteoblastomas. Metastatic disease, multiple myeloma, and lympho-
mas are commonly encountered as well. Teratomas are the most common sacral
tumors in children [22].

21.4.1 Management of Chordomas

Deriving from notochordal tissue, chordomas represent 1-4% of all primary malig-
nant bone tumors, with an incidence of 0.08 per 100,000 [23, 24]. While chordomas
have traditionally been thought to occur more commonly in the sacrum (50%) than
in the skull base (35%) or the mobile spine (15%) [24], more recent data from the
population-based SEER registry suggest that these tumors may occur with equal
frequency in the skull base, mobile spine, and sacrum [23]. Reported overall 5-year
survival in patients treated with sacral chordomas has ranged from 68% to 97% in
the literature [9, 17, 23, 25-27], with median survival between 6 and 7 years in three
large series [20, 23, 28].
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Intralesional resection (or resection with inadequate margins) is associated with
a higher rate of local recurrence—up to 83%—and, in some series, decreased sur-
vival [9, 11, 17, 20, 24-26, 28, 29]. Fuchs et al. [25], for instance, reported on 52
primary sacral chordomas treated surgically at the Mayo Clinic and noted that all 21
patients who underwent resection with wide margins were alive at 8-year follow-up,
while two-thirds of patients with inadequate margins experienced local recurrence
and two-thirds of those with local recurrence died within the study period. Bergh
et al. [17] reported that local recurrence was associated with a 23-fold increased risk
of metastases and a 21-fold increased risk of tumor-related death in a cohort of 39
chordoma patients, while Young et al. [30], reviewing 219 chordoma patients,
reported a more modest 2.5-fold increased metastatic risk in cases of local recur-
rence, with an overall metastatic rate of 18%. Wide, en bloc resection is therefore
recommended in the management of chordomas.

It has been suggested that tumor invasion into the piriformis or gluteus maximus
musculature, or involvement of the sacroiliac joints, is an independent predictor of
local recurrence, regardless of margin status at time of resection [29]. Indeed, local
recurrences may tend to occur most frequently in the posterior musculature, and
wider margins may be required posteriorly as compared with anteriorly, where the
presacral fascia may pose a barrier to tumor spread [27, 29].

High-dose (70.2 Gy) proton/photon-beam radiotherapy is now standard in the
management of chordomas and other spinal malignancies at our institution. For sacral
tumors, preoperative radiation of either 19.8 or 50.4 Gy is administered, with the
remainder administered postoperatively; in cases of positive surgical margins, local-
ized boosts are utilized as well. A phase II clinical trial performed at our institution,
evaluating 50 patients undergoing surgical resection of spinal chordomas and sarco-
mas (predominantly sacral), demonstrated that high-dose radiotherapy in addition to
surgical resection was associated with a 74% rate of local control at 8-year follow-up
[31, 32]. Notably, local control for primary tumors (94% at 5 years and 85% at 8 years)
was far superior to that for locally recurrent tumors (~50% re-recurrence rate).

Chordomas, in particular, appear to benefit from high-dose radiation. A retro-
spective review of 127 spinal chordomas (including recurrent tumors) treated at our
institution demonstrated 5-year overall survival and local control of 81% and 62%,
respectively [26]. This study found further improvement in local control when sur-
gical resection of primary chordoma was accompanied by neoadjuvant and adjuvant
radiation, as opposed to adjuvant radiation alone: 85 vs. 56% at 5 years. Most strik-
ingly, among the 28 patients with primary tumors in this series who underwent en
bloc resection and received both neoadjuvant and adjuvant radiation, no cases of
recurrence were observed.

Even in cases of margin-positive primary resection, good results may be sal-
vaged: the use of adjuvant high-dose radiation achieved local control at 8.8 years in
10 of 11 patients with primary sacral chordomas resected with positive surgical
margins (but in 0 of 5 patients with recurrent disease) treated at our institution [33].
Taken together, these results highlight not only the excellent outcomes achieved
with wide resection plus neo- and adjuvant radiation, but also the critical impor-
tance of initiation of aggressive treatment at first presentation.
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Additionally, in patients for whom surgical resection is not feasible due to risk of
intraoperative nervous injury (i.e., high sacral tumors) or medical comorbidities,
definitive management with high-dose radiation is reasonable. In a review of 24
spinal chordomas, of which 19 were located in the sacrum, treated at our institution
with proton or photon radiotherapy alone, local control rates were 90.4% and 79.8%
at 3 and 5 years, respectively. All surviving patients maintained ambulatory status
[34]. A follow-up study noted ongoing tumor volumetric reduction up to 5 years
after definitive radiation treatment [35]. Definitive carbon ion radiotherapy, which is
characterized by a higher biological effectiveness than proton therapy and may be
particularly effective against hypoxic tumors [36], may also be utilized. Five-year
local control rates of 77-88% in patients with proximal, unresectable sacral chordo-
mas have been published by a group in Japan [37, 38], while a group in Germany
has reported 53% local control and 100% survival among a mixed cohort of primary
and recurrent tumors treated with carbon ion radiotherapy [39].

However, high-dose radiation to the sacrum can be associated with significant
adverse effects. Specifically, delivery of greater than 77 Gy, which is the standard
dose at our institution in cases of definitive treatment with radiation alone, has been
associated with higher rates of neuropathy and erectile dysfunction as compared
with patients receiving ~70 Gy or less [26, 31, 32, 33, 38]. Sacral insufficiency
fractures have been noted to occur in roughly half of all patients with sacral chordo-
mas treated with definitive high-dose radiation [34, 35], and in over three-quarters
of patients undergoing high sacrectomy with radiation [8]. For this reason, we avoid
radiation doses greater than ~70 Gy in patients undergoing surgical resection.

Though the role of medical therapy in the clinical management of chordomas is
currently limited, potential molecular targets for future drug development include
the mechanistic target of rapamycin (mTOR) signaling pathway [40], as well as
vascular endothelial growth factor (VEGF)-mediated angiogenesis and other recep-
tor tyrosine kinase pathways [36].

21.4.2 Management of Other Sacral Malignancies

Chondrosarcoma of the sacrum represents approximately 20% of spinal chondro-
sarcomas and 5% of all chondrosarcomas [41], and is the second most commonly
resected primary sacral tumor after chordoma [3, 32, 42]. As is the case with other
sacral malignancies, en bloc resection with negative margins is likely associated
with decreased rates of local recurrence and improved disease-free survival [41,
43, 44]. Chondrosarcomas, like chordomas, are treated with high-dose neo- and
adjuvant radiation and wide surgical resection at our institution [32]. Spinal osteo-
sarcoma is rare, but has been reported to occur in the sacrum in 31-68% of cases
[45, 46]. At our institution, treatment includes en bloc resection, high-dose radio-
therapy, and neo- and adjuvant chemotherapy [46], though outcome is poor and
prognosis is worse for osteosarcoma of the sacrum as compared with that of the
mobile spine [45].

Locally recurrent rectal cancer may be treated with aggressive re-resection, to
include partial sacrectomy in cases of cortical invasion or tumor adherence to the
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bone. Overall mean survival of 22-40 months has been reported following re-
resection with sacrectomy, with improved outcomes in cases of negative margins
[47-49].

21.4.3 Management of Giant Cell Tumors

Traditionally, giant cell tumors (GCTs) of the sacrum have been treated with
intralesional curettage, but high rates of recurrence—in up to one-third to one-
half of cases—have been reported [50-52]. The authors of a review of a pooled
cohort of 166 patients with sacral GCTs, therefore, recommended wide surgical
resection for lower sacral lesions and for recurrent proximal sacral lesions [50].
Notably, this study reported a 23% disease-related mortality, of which approxi-
mately one-third was related to treatment complications, at 8-year follow-up.
Radiation may be utilized in cases of large or challenging sacral GCTs, but is
associated with high recurrence rates when used alone or as an adjuvant following
curettage [50]. Radiation-related malignant transformation is also a concern [50,
52, 53]. Arterial embolization may represent a more successful nonoperative
modality, and good results with respect to symptomatic improvement and low
rates of recurrence have been reported with the use of serial arterial embolizations
(typically performed every 4-6 weeks) as monotherapy for sacral GCTs [54-56].
Additionally, embolization may be performed concurrently with local intraarterial
injection of cisplatin [56] or may be employed as a preoperative adjunct to limit
surgical bleeding [51].

The development of denosumab has significantly increased the role of medical
management in GCT treatment. A monoclonal antibody against receptor activator
of nuclear factor-kappa B (RANK), denosumab inhibits the activation of osteoclast-
like multinucleated cells, which express RANK ligand, thereby decoupling the
osteoclastic pathway. Prolonged treatment results in marked depletion of giant
cells and decreased cellularity overall on histologic analysis [57]. Phase II trials
have demonstrated objective tumor response in 72-88% of patients, with signifi-
cant improvements in pain reports as well [58, 59]. Among the subgroup of patients
with tumors deemed operable but with high risk of morbidity, Chawla et al. [58]
found that nearly three-quarters were able to avoid surgery altogether after deno-
sumab treatment and that 62% of those who did ultimately undergo resection were
managed with a smaller procedure than initially planned. At our institution, a 3—-6
month course of denosumab “pretreatment” is typically pursued prior to surgical
resection.

21.5 Total and Partial Sacrectomy: Surgical Techniques

Meticulous planning is necessary for successful surgical management of sacral
tumors. Preoperative considerations include options for preservation of fertility,
general and plastic surgery consultations, and vascular embolization, while intraop-
erative considerations include choice of approach (combined anterior and posterior
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vs. posterior only), use of computer-assisted navigation, and options for spinopelvic
fixation, when needed.

21.5.1 Preoperative Preparation

We routinely refer reproductive-aged female patients for gynecologic evaluation
prior to initiation of oncologic treatment. If desired, laparoscopic oophoropexy may
be performed prior to radiotherapy, relocating the ovaries within the abdominal cav-
ity such that they are outside of the planned radiation field, thereby preserving
future fertility options. Preoperative consideration should also be given, in consulta-
tion with a general surgeon, to colostomy creation prior to or at the time of sacral
resection. This decision is highly dependent on patient preference. Among a cohort
of total and partial sacrectomy patients studied at our institution, no differences in
quality of life metrics were observed between patients with and without colostomy
creation [14].

Preoperative consultation with a plastic surgeon should also be pursued. Wound
complications are frequent after sacral resections, especially in the setting of radio-
therapy or poor patient nutritional status. Options for soft tissue wound closure
include mobilization of a pedicled omental flap; transpelvic vertical rectus abdomi-
nis myocutaneous (VRAM) flap, fed by the inferior epigastric vessels; and local
tissue advancement techniques. A reconstructive algorithm put forth by Miles et al.
[60] recommended that bilateral gluteus advancement flaps, associated with the
lowest complication rate among reconstructive options, should be the first choice
for post-sacrectomy closure if the gluteal vessels are intact; transpelvic VRAM
reconstruction should be performed in the setting of preoperative radiation, though
it is contraindicated for patients with a prior laparotomy; and free flap coverage may
be performed if other options are unavailable. In their review of outcomes following
surgical management of sacral chordomas, Schwab et al. found a significant
decrease in wound complications in patients in whom rectus flap coverage was per-
formed, as compared to patients without flap coverage [11]. Reconstruction of the
pelvic floor can also prove problematic; sacroperineal hernia is a rare complication
but a risk in cases of large pelvic floor defects. Good results have been reported with
reconstruction utilizing acellular dermal collage grafts [61] or mesh [62].

Intraoperative blood loss may be minimized by bilateral internal iliac ligation,
which is the standard practice at our institution. However, preoperative emboliza-
tion and intraoperative aortic balloon pump occlusion are options as well.
Embolization of the internal iliac, median sacral, and other tumor-feeding arteries,
typically within 24 hours of surgery, may be performed with Gelfoam (Pfizer Inc.),
thereby potentially minimizing longer-term devascularization of healthy tissues
[63]. Additionally, the use of an occlusive aortic balloon pump has been reported
as a technique to reduce intraoperative blood loss in sacral tumor resections [64,
65]. In their review of 215 sacral resections, Tang et al. [64] found that balloon
occlusion, utilized in 120 patients, was associated with significantly lower blood
loss (2.2 vs. 3.9 liters).
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21.5.2 Staged Anterior and Posterior Approaches for Total
and Partial Sacrectomy

21.5.2.1 Anterior Approach

Following induction of general anesthesia, administration of antibiotics for cover-
age of both bowel and skin flora, and establishment of central venous access, the
patient is positioned supine on a flexible Jackson table, broken in the middle to
improve intraoperative sacral exposure. With the assistance of a general surgeon, a
low midline incision is made from the pubis to the umbilicus and the peritoneal cav-
ity is entered. A table-mounted retractor system is utilized. The rectosigmoid colon
and left ureter are mobilized away from the tumor, pelvic side wall, and sacrum; this
process is repeated on the right side. Great care must be taken not to inadvertently
enter the tumor in the course of mobilizing the overlying tissues. For chordomas in
particular, violation of the tumor pseudocapsule confers a poor chance for curative
resection. Subsequently, following identification and mobilization of the common,
internal, and external iliac vessels, the trunks of the left and right internal iliac arter-
ies and veins are ligated just distal to their respective bifurcations; large branches,
such as the gluteal and iliolumbar vessels, may be identified and individually ligated
as well. Exposure of the anterior sacrum will typically also require ligation of the
median sacral artery. The L5 nerve root, which is closely associated with the ante-
rior surface of the sacral ala, is identified and protected. The L5 root may be traced
distally to facilitate further exploration of the lumbosacral plexus and identification
of the sciatic nerve within the greater sciatic foramen.

En bloc partial sacrectomy: If a partial sacrectomy is to be performed, a high-
speed burr is used to create a transverse osteotomy through the anterior sacral
cortex, cephalad to the tumor. An intraoperative radiograph is made to assess the
level of the osteotomy. The osteotomy is started in the midline, advanced laterally
toward the left and right SI joints (or toward the greater sciatic foramina, in cases
of more distal resections), and continued posteriorly until the posterior sacral cor-
tex is reached. As the osteotomy is extended laterally from the midline, exiting
nerve roots cephalad to the level of the cut are protected and gently retracted later-
ally; the more proximal L5 nerve root will need to be retracted as well. Additionally,
osteotomies at the S1-S2 level may place the superior gluteal vessels at particular
risk [66]. A Cobb elevator can be used to deepen the osteotomy and score the pos-
terior cortex. Throughout the creation of the osteotomy, hemostasis is maintained
with silk ligatures, monopolar and bipolar electrocautery, thrombin hemostatic
matrix, epinephrine-soaked sponges, and bone wax. Prior to closure, a Gore-Tex
patch may be placed ventral to the sacrum but dorsal to the rectum and left in place
until the second stage, at which point it will serve as a landmark for the safe ante-
rior plane of dissection.

En bloc total sacrectomy: Following anterior approach and exposure, a spinal
needle is placed into the L5/S1 disk space (for tumors that do not extend cephalad
to S1), and correct level is confirmed on a lateral radiograph. As noted above, the L5
nerve roots and internal iliac vessels (in particular, the artery on the right) should be
identified and protected in the course of dissection anterior to the L5-S1 junction
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and sacral ala. Discectomy is performed at this level with curettes, Kerrison ron-
geurs, and endplate elevators, extending dorsally to the posterior annulus. Using a
high-speed burr, longitudinal osteotomies are created through the anterior cortices
of the posterior ilia bilaterally. The resultant troughs are packed with bone wax for
hemostasis; osteotomies will be completed posteriorly during the second stage pro-
cedure. The location of the iliac osteotomies with respect to the sacroiliac joints is
dictated by tumor size and margin considerations. For small, midline sacral tumors,
vertical osteotomies may even be created within the sacral ala, thereby preserving
the sacroiliac joints.

Coverage with a pedicled rectus abdominis flap is standard practice at our insti-
tution. Following completion of the anterior osteotomy, the VRAM flap is harvested
by the plastic surgeon. Typically, the flap, once raised, is dunked into the pelvis and
secured with a PROLENE (Johnson & Johnson) suture to assist in subsequent ori-
entation. Blake drains are placed within the anterior pelvis. The patient is taken to
the intensive care unit for further resuscitation between stages. A vena cava filter is
typically placed on the first postoperative day to obviate the need for chemical DVT
prophylaxis. Additionally, we obtain a pelvic CT scan between stages for assess-
ment of the anterior osteotomy position. The posterior procedure is performed
3-5 days later.

21.5.2.2 Posterior Approach
The patient is placed prone, in a position of neutral lumbar lordosis, and a midline
incision is made. Alternatively, an upside-down “smile” incision may be utilized.
For large tumors with dorsal extension into the superficial soft tissues, a skin paddle
may be removed with the specimen. Biopsy tracts should also be ellipsed out with
the incision. The spinous processes are exposed. Dissection proceeds laterally, ele-
vating the paraspinal musculature proximally and, more distally and laterally, ele-
vating or transecting the gluteus maximus to expose the ilium. The sacral ala is
exposed, as are the adjacent transverse process and lamina of L5. After removal of
the spinous processes with a Leksell rongeur, laminectomy just cephalad to the level
of the planned sacral osteotomy is performed with a diamond-tipped burr and
Leksell and Kerrison rongeurs. The dorsal aspect of the dura is dissected free of
adhesions to the overlying lamina. The laminectomy may be widened laterally with
a small osteotome. The bilateral nerve roots at L5 and any additional caudal levels
to be preserved are exposed laterally and mobilized with a Kerrison rongeur and
Stevens tenotomy scissors. The thecal sac is then circumferentially exposed at the
level of the planned resection, just caudal to the axilla of the exiting nerve roots, and
a right-angled clamp is passed ventral to the dura. The thecal sac is ligated with a
2-0 silk suture and clips and then sharply transected. Later in the procedure, after
removal of the mass, the transected end of the thecal sac should be covered with
dural sealant as well.

Dissection is carried laterally and caudally, elevating the gluteus maximus mus-
culature; a ratcheted self-retaining retractor system is helpful in maintaining expo-
sure. Extent of lateral exposure will be dictated, in part, by the soft tissue extension
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of the tumor. Dissection proceeds caudally along the lateral borders of the sacrum,
exposing and identifying the piriformis and sacrotuberous and sacrospinous liga-
ments. Sizeable traversing vessels are typically encountered about these structures
and will need to be ligated; the use of a bipolar hemostatic sealer can be of benefit
here. The piriformis and ligaments are subsequently divided, allowing access into
the pelvic cavity through the greater sciatic foramen. Now, using blunt dissection, a
plane may be developed ventral to the tumor and dorsal to the rectum. The sciatic
nerve should be identified and protected throughout. Dissection should be contin-
ued caudally until the tip of the coccyx is palpable.

En bloc partial sacrectomy: An intraoperative radiograph is made to assess the
correct level for completion of the sacral osteotomy. A high-speed burr and Cobb
elevator are used to complete the osteotomy in the midline. As the osteotomy is
continued laterally, nerve roots cephalad to the level of resection should be identi-
fied, dissected free from overlying bone with a high-speed burr, and protected. The
osteotomy is eventually completed laterally into the left and right sciatic foramina.
The mass is now lifted caudally, carefully elevating it off of the adjacent rectum; a
Gore-Tex patch, if placed ventral to the sacrum during the first stage, will serve to
identify the safe plane between the sacrum and rectum. Nerve roots passing through
the tumor are sacrificed. Vessels extending into the specimen are clamped and
ligated. Remaining soft tissue attachments to the pelvic floor are transected, the
specimen is passed off, and hemostasis of the resection bed is obtained.

En bloc total sacrectomy: Posterior exposure is performed. The thecal sac is
ligated just cephalad to the L5/S1 disk space after laminectomy is performed at this
level. The posterior L5/S1 discectomy is completed. The bilateral iliac osteotomies,
initiated during the anterior approach, are completed posteriorly using a high-speed
burr and Cobb elevator. The sacrum and mass are dissected free and lifted out of the
wound, as described above.

Spinopelvic reconstruction: As discussed above, the extent of sacral resection
impacts the degree of biomechanical instability imparted and therefore the need for
spinopelvic fixation. Total sacrectomy warrants spinopelvic reconstruction. Multiple
techniques for reconstruction of the bony defect after sacrectomy have been
reported. Dickey et al. [4] described a triangular construct in which two segments of
fibular autograft are oriented in an inverted “V,” such that the apex is “docked” into
the inferior endplate of L5 and each limb is buttressed against the inner table of the
ilium along the iliopectineal line. The authors note that oval “receptacles” in the
ilium need to be fashioned, utilizing a high-speed burr, during the anterior approach.
This construct allows for the fibular graft to be oriented along the force transmission
lines between the acetabulum and lumbar spine. As discussed below, vascularized
fibular grafts can be used in a similar fashion.

Instrumentation is then performed: first, a wide osteotome is used to remove the
dorsal cortex of the posterior superior iliac spines, which may be morselized for
later use as bone graft. Two iliac screws are placed on each side; orienting the ped-
icle probe toward the ipsilateral greater trochanter assists with proper placement.
Standard pedicle screws are placed bilaterally at L4 and L5. A total of four
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lumbo-pelvic rods are used: on each side, rods are fixed to the heads of the L4, L5,
and proximal iliac screws. Rod-to-rod connectors are used to incorporate two addi-
tional parallel rods, one on each side. A horizontal transiliac rod is fixed to the two
distal iliac screws. In cadaveric biomechanical testing, this dual-rod, double iliac
screw construct has been shown to be stiffer than constructs involving single rods,
single iliac screws, or Galveston rods (in which the distal end of the spinopelvic rod
itself is driven between the inner and outer tables of the pelvis) [67]. Cross-link con-
nectors may be used proximally between the parallel lumbo-pelvic rods, and dis-
tally between the lumbo-pelvic and transiliac rods, to provide additional stability.
Burr decortication of the lumbar posterior elements is performed, and morselized
autograft and allograft bone is laid down to promote fusion. We routinely make use
of calcium phosphate scaffold graft as well.

Additionally, our practice is to perform limited spinopelvic reconstruction for
middle partial sacrectomies cephalad to the S3 foramina, especially in cases of
adjuvant radiation, which we feel significantly retards the fusion process. In these
cases, L5-ilium instrumentation is performed with bilateral iliac screws, longitudi-
nal rods, and horizontal transiliac rod. Complete exposure and thorough decortica-
tion of the remnant sacroiliac joints will increase the probability of successful
fusion.

Vascularized autograft reconstruction: Though not routinely performed at our
institution, the use of vascularized fibular autografts in reconstruction after total
sacrectomy has been described. Choudry et al. [68] reported on the use of bilateral
vascularized fibular grafts, fashioned into an inverted V at the spinopelvic junc-
tion as described above, with vascular anastomoses to the internal iliac vessels
(presumably prohibiting intraoperative iliac ligation). In that study, bony fusion
was observed on CT scan by 6 months. Anastomosis of free fibular grafts into the
deep inferior epigastric pedicle of the mobilized VRAM flap has also been
described [69]. This “vertical rectus abdominis musculocutaneous flow-through
flap” technique has the advantage of permitting ligation of the internal iliac ves-
sels during the anterior approach. These authors reported fusion on imaging
within 3 months of surgery. It should be noted that the added complexity of these
procedures, which in some cases required the use of a saphenous vein graft to
increase fibular pedicle length, necessitated a three-stage procedure for some
patients.

Computer-assisted navigation: Intraoperative CT-guided navigation is now rou-
tinely used at our institution. Following anterior sacral exposure during the first
stage procedure, the anterior iliac crest is exposed through a small longitudinal inci-
sion. The navigation system tracker is affixed to two Steinmann pins driven through
the iliac crest, between the inner and outer tables. Intraoperative CT scan is per-
formed. Navigation subsequently aids in identification of the correct osteotomy
level and assessment of anterior-posterior depth during creation of the osteotomy.
During the posterior procedure, the tracker is affixed to one of the lumbar spinous
processes, and CT scan is performed after laminectomy and nerve root exposure.
Navigation is then used to confirm that the posterior osteotomy is performed at the
same level as the anterior osteotomy.
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21.5.2.3 Rebar Technique for Reconstruction After Curettage
of Proximal Sacral Tumors

In select circumstances, benign tumors (i.e., GCTs) within the proximal sacrum
treated with curettage of the S1 body may be amenable to reconstruction with an
anterior “rebar” technique and limited posterior spinopelvic stabilization. We prefer,
in these cases, to perform the posterior intralesional resection and spinopelvic instru-
mentation as a first stage. Laminectomies of the proximal sacrum and L5 are per-
formed, the filum terminale and sacral nerve roots are dissected and protected, and a
Gore-Tex patch is placed ventral to the nervous structures; residual, inaccessible
anterior tumor is left for completion of resection in the second stage. As compared
with that for a total sacrectomy, less extensive instrumentation is required: single,
bilateral L5-ileum spinal rods, with a single horizontal transiliac rod, are sufficient.
The second stage involves a standard transperitoneal approach and resection of the
remnant anterior tumor and S1 body. A high-speed burr, curettes, and Kerrison ron-
geurs are used to excise the tumor in a piecemeal fashion. If the posterior approach
was performed previously, the Gore-Tex patch, placed ventral to the sacral nerve
roots, will be encountered and will signify the dorsal extent of safe dissection.

Anterior reconstruction commences with the placement of one or two large frag-
ment screws into both the inferior endplate of L5 and the exposed superior endplate
of S2. The screws may be placed in a retrograde or antegrade fashion to maximize
cortical purchase, such that either the heads or the tips are exposed within the defect.
Antibiotic-laden bone cement is then introduced into the defect and molded around
the exposed screws. A Gore-Tex patch or segment of Esmarch tourniquet may be
utilized as a temporary dorsal “backstop,” preventing damage to the underlying
nerve roots as the wet cement cures.

21.5.3 Posterior-Only Approach for Total Sacrectomy

While staged anterior-posterior approaches are the preferred option for total sacrec-
tomy at our institution, other authors have advocated for posterior-only approaches.
Good oncologic outcomes with low rates of bowel or vascular injury have been
reported with posterior-only total sacrectomy [18, 70]. The use of radioopaque
gauze, packed anteriorly to the sacrum, from above the iliac crests and through the
greater sciatic foramina, has been described as a method of tamponading anterior
bleeding and displacing the iliac vasculature and pelvic viscera away from the oste-
otomy sites [70]. Disadvantages of a posterior-only approach include blind dissec-
tion of the rectum off of the anterior surface of the sacrum and inability to ligate the
internal iliac vasculature as a method of decreasing blood loss. Additionally, a pos-
terior-only approach precludes the ability to harvest a rectus abdominis flap, though
proponents have argued that preservation of the gluteal vessels (and internal iliac
system as a whole) decreases soft tissue ischemia and allows for successful closure
with gluteus maximus myocutaneous flaps [18]. Potential contraindications to pos-
terior-only total sacrectomy include direct tumor invasion of the rectum or iliac
vessels, or tumor extension cephalad to the L5/S1 disk space [18].
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Our preference for malignant tumors, in which curative resection is the goal, is
for staged anterior and posterior approaches for both total and partial sacrectomies.
For benign tumors such as GCTs, for which intralesional margins are acceptable, a
posterior approach may permit excellent nerve root visualization. However, in addi-
tion to the aforementioned benefits of decreased blood loss (after internal iliac liga-
tion) and safer dissection about the rectum and pelvic vasculature, we feel that
negative margins can be more reliably obtained from a combined approach. Tumor
visualization is best when approached anteriorly, and “scoring” the anterior cortical
osteotomy during the first stage prevents subsequent “lifting up” and splintering of
the anterior cortex, which can occur in posterior-only osteotomies and which can
result in less precise margins.

21.6 Complications

Complications following sacrectomies are common, including surgical site infec-
tion, hardware failure, vascular or visceral injury, and CSF leak and pseudomenin-
gocele formation. Additionally, postoperative bowel, bladder, and sexual dysfunction
are typically expected, as discussed above, following sacrifice of the upper sacral
nerve roots. The rates of major complications are likely increased in total and high
partial sacrectomies: 85% vs. 29% for resections above vs. below S2, respectively,
in one series [71]. In a review of 46 patients undergoing partial or total sacrectomy,
Sciubba et al. [72] reported postoperative infection in 39% of patients. Identified
risk factors included prior lumbosacral surgery and number of surgeons scrubbed
into the case, regardless of length of operation. While staphlococcus aureus was the
most frequently cultured organism, the relatively high rate of gram-negative infec-
tions led the authors to posit that proximity to the rectum, especially in the context
of bowel (or bladder) dysfunction, might increase the risk of surgical site infection
after sacrectomy. Interestingly, another study of postoperative complications
described two delayed rectal perforations, both within 2-3 weeks of sacrectomy,
thought to result from bowel ischemia in the setting of internal iliac ligation [62].
This series, reporting on complications in 34 patients with primary sacral tumors,
identified five infections, three cases of postoperative foot drop (likely resulting
from L5 nerve root injury), one case of cutaneous CSF fistula formation, and three
perioperative deaths, highlighting the significant risks associated with these surger-
ies. Hardware failure occurred after total sacrectomy in 16% of patients included in
a systematic review [42], though our experience suggests that the use of adjuvant
high-dose radiation significantly increases the risk of postoperative fracture (up to
57%) (8], as well as nonunion and hardware failure. Radiation likely increases the
risk of infection as well. A large series from our institution identified wound infec-
tion or dehiscence in 20 of 118 patients (17%) undergoing resection of spinal chor-
domas, all of whom received radiation as well [26]. Specifically, wound
complications were observed in 13 of 60 patients (22%) treated with neo- and adju-
vant radiation, as compared with 7 of 58 patients (12%) treated with adjuvant radia-
tion alone.
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Computer Navigation in the Sacrum 2 2

David M. Joyce

22.1 Introduction

Computer navigation has been introduced as an intraoperative guidance option as an
alternative for fluoroscopy because this two-dimensional (2D) imaging has limita-
tion in orthopedic oncology surgery because of the difficulty in identifying the full
geometric extent of the lesion as well as intraosseous involvement [1]. Computed
tomography (CT)-based computer navigation aims to help the surgeon by increas-
ing the spatial accuracy when performing surgery in and around the pelvis by aug-
menting a surgeon’s visibility. The demanding three-dimensional (3D) configuration
of the sacrum and pelvic anatomy, tumor size, structural alterations due to tumor,
neoadjuvant therapy, rarity (leading to a lack of experience on part of the surgeon),
and the morbidity associated with sacral and pelvic resection has in the past resulted
with positive surgical margins in the majority of cases, with local recurrence
approaching rates of 70-80% [2-9]. This has made limb salvage, improved func-
tion, and decreased morbidity hard to attain without sacrificing surgical margins
until the advent and use of computer navigation for surgical resection. Computer
navigation has increased the precision, accuracy and ability to preserve sacral and
pelvic structures with the intention of not compromising oncologic outcomes in
terms of margins and recurrence. It has improved the visualization of the surgical
field through a virtual 3D reconstruction of the surgical field allowing for precise
osteotomy resection levels [4]. Only computer navigation that is based on advanced
imaging can be used for tumor resections in the sacrum and pelvis. Several studies
looking at computer navigation have reported advantages to using this modality in
pelvic and sacral tumors [2, 10, 11]. Knowing where a resection tool ends when a
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surgeon is unable to protect the tumor on the other side is of great benefit.
Unfortunately, all too often in tumor resection we do not have direct line of sight
and the benefit of navigation is that a virtual line of sight is obtained. This chapter
intends to explain computer navigation in sacral oncology surgery with respect to its
developmental history and clinical use.

22.2 History and Progression of Computer Navigation

Computer-assisted surgery specifically computer navigation is relatively new to the
musculoskeletal oncology world. Computer-assisted surgery has been used for over
20 years for cranial biopsies and tumor resections in neurosurgery [12]. Computer
navigation has also been used in spine, trauma, knee, and hip surgery and was origi-
nally developed for those surgical environments [13]. There are three types of com-
puter navigation: imageless navigation, fluoroscopic navigation, and advanced
imaging navigation consisting of computed tomography (CT) and magnetic reso-
nance imaging (MRI). Computer navigation CT based was introduced for pedicle
screw fixation in 1993 and has been used in total hip and total knee reconstructive
surgery for component placement [14, 15]. In spine surgery, navigation has led to a
benefit of decreased rate of misplaced pedicle screws to 5% with navigation com-
pared to 16-40% misplaced screws with conventional techniques [10, 16, 17].
Another advantage is orthopedic hardware that can be placed accurately within
1 mm of the desired location [10, 18]. Langlotz et al. performed the first CT-based
computer-assisted osteotomy in 1995 [19]. It wasn’t until 2004 that the use of
computer-navigated chisels was reportedly used to perform an osteotomy for a
sacral tumor [20]. Computer navigation offers benefits to musculoskeletal oncol-
ogy and sacrum surgery that the community is only beginning to realize [2, 10,
20-28].

Sacral and pelvic bone tumors are usually large at presentation and often invade
and compromise important anatomical structures such as nerves and vessels specifi-
cally the femoral and sciatic nerves and sacral nerve roots, iliac vessels, and pelvic
viscera along with invading into the sacral bone and foramina [3, 4, 29]. Obtaining
negative margins in sacral and pelvic surgery is difficult and studies that have looked
at sarcoma resection in the pelvis have reported higher positive margin rates and
thus higher local recurrence rates compared to the treatment of sarcomas in the
extremities [20, 30] suggesting it is harder to obtain adequate surgical margins in
areas difficult to identify structures. The purpose of computer navigation in the mus-
culoskeletal oncology setting is to first plan and then assist in executing a local wide
excision with preservation of vital structures. As with all tumor surgery, removing
all the tumor is first priority, but with computer navigation one can remove less
normal tissue which aids in reconstruction without increasing the risk of inadvertent
tumor violation [23]. Computer navigation used in the sacrum can help identify
where the surgeon is and if the anatomy is distorted, which occurs often, by better
understanding the relationship between malignant tumor and surrounding structures
[23, 31, 32] thus allowing the surgeon to minimize the morbidity in the surgical
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field. This relatively new technology can aid a surgeon in saving nerves and thus
preserving function and improving margins. This intraoperative system produces
and allows for real-time visual feedback that can be seen on a monitor above the
surgical field. It is this real-time feedback that augments and enhances the surgeon’s
direct interpretation of the visual and tactile perception of the surgical field.
Unfortunately, little data exists on computer navigation and sacral surgery due to the
rarity of both sacral tumors and the limited use of navigation in musculoskeletal
oncology in the oncology community. This chapter is intended to present computer
navigation and its use in sacral surgery; however, most of the data presented comes
from computer navigation with respect to the pelvic (sacral included) surgery both
oncologic and non-oncologic.

22.3 Computer Navigation Systems Overview

Several different computer navigation systems that exist in the commercial world
consist of imageless navigation, fluoroscopic navigation, and advanced imaging
navigation. It is most important to understand that most navigation was developed
for spine, trauma, or hip and knee surgery for accuracy of hardware placement.
Computer navigation has been used for pedicle screw application, component posi-
tioning in total hip and knee arthroplasty, and ACL reconstruction [15, 33-35].
Computer navigation has also been used for pelvic osteotomies, SI screw, and ace-
tabular fracture screw placement [18, 36-38]. Most of the computer navigation for
sacral and pelvic oncology surgery is commercially adapted software not developed
for oncology. The commercially available computer navigation used for oncology is
CT based but can be augmented with an MRI for the benefit of identifying marrow
edema. While MRI and CT are excellent for identifying osseous tumor, infiltration
margins are often difficult to identify intraoperatively in the pelvis [29]. Patients can
undergo MRI and CT imaging and have these images fused if the surgeon elects and
then uploads to the navigation system [39, 40]. CT is great for bone resection plan-
ning but MRI is essential to determine marrow infiltration and true bony involve-
ment [11, 41]. Planning for resection can be done on the computer navigation
system prior to surgery. This resection plan is then used after the patient is registered
in the operating room.

22,4 Computer Navigation Requirements

In order to understand navigation and its benefits in the sacrum and pelvis with
respect to oncology, one must understand the basics. Some form of 3D imaging (CT,
MRI, PET CT) is required of the sacrum and preferably of the entire pelvis for
proper registration prior to surgery. Some elect to also obtain an MRI for the possi-
bility of CT-MRI fusion. At a minimum, a CT scan of the affected bone must be
obtained that has 0.5-2 mm cuts, continuous with no overlap [20, 28, 31, 39, 40, 42].
If obtaining an MRI, similar slice thickness and scanning limits should be obtained.
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If using fiducial markers, later discussed, the slice thickness should be less than the
fiducial width size; otherwise, the possibility exists of missing the fiducial marker on
scanning. After the preoperative CT scan, there are three required components to
computer navigation in the setting of the sacrum or pelvis. These include a computer
platform loaded with some form of computer navigation software; several exist
commercially but none are specific for oncology [25, 26]. Second a tracking system
is used, which can either consist of optical trackers (consisting of three OCD cam-
eras) or electromagnetic trackers using a coil to detect changes in position [43]. At
our institution, we use optical trackers and cameras (Figs. 22.1, 22.2, and 22.3). The
last important component is referencing system and methods by which one refer-
ences the patient’s anatomy in all navigation systems. These include 2D and 3D fluo-
roscopic, imageless, kinematic, bone morphing or “pair matching,” and ultrasound
referencing [13] with the use of a pointer. For surgery of the pelvis and sacrum, our
institution uses 3D fluoroscopy in the form of the Arcadis Orbic 3D system (Siemens)
(Fig. 22.4) in order to properly register our patients with their preoperative CT scan,
bone surface matching and paired-point matching can be later used for registration
refinement. Other places use 2D fluoroscopy, fiducial markers, and some places
described the use of the O-arm or intraoperative CT scan if fiducial markers are not
used prior to a preoperative CT scan. It is important for one to understand the limita-
tion of the navigation system one is using as well as having knowledge of accuracy

Fig.22.1 (a) Optical
Tracking System. (b)
Optical Tracking System
placed over the head of
the bed for optimal “line
of sight”
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Fig. 22.1 (continued)
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Fig.22.2 Tracker attached to the pelvis with three pins with the patient in the prone position; the
tracker is oriented to see the camera. It is important to appreciate line of sight and avoid drapes,
tubing, and electrocautery wiring blocking the view of the camera

Fig. 22.3 Alternate tracker
sometimes used if unable to
register with the standard
patient tracker

of the system and knowing what affects accuracy [13, 44—47]. There is no specific
navigation software for oncologic surgery; most navigation systems used today are
from commercially available systems that are then adapted for their use [25, 26], so
it is important to understand each system limitations as they are different.
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Fig. 22.4 Arcadis Orbic 3D fluoroscopic system

22,5 Computer Navigation Process

Preoperative Process: The use of computer navigation starts with obtaining 3D imag-
ing of the tumor in question. Navigation of the pelvis and sacrum cannot be per-
formed with imageless referencing, and thus all this navigation is based on CT, MRI,
and CT-MRI fusion imaging. This is because “imageless navigation” uses the pelvic
plane and bony landmarks for reference and soft tissue on the pelvis renders this
method fairly inaccurate [48—50]. In order to use computer navigation, the entire bone
must be imaged. While theoretically one could just image the sacrum, it is very hard
to identify specific bony landmarks on the sacrum intraoperatively, and thus the entire
pelvis is often imaged. Bone tumor resection requires several important steps in order
to make the osteotomy almost effortless. Fluoro-CT matching and 3D fluoroscopy
may allow for more accurate resections because soft tissue on the sacrum and pelvis
can distort the ability to use surface matching and paired-point matching [24, 42].
Newer navigation systems exist with the use of cone-beam computed tomography or
O-arm that allows 3D image quality with submillimeter spatial resolution with less
radiation dose that can be used repeatedly in the operating room [27, 51]. The most
important study to obtain is a preoperative CT with or without fiducial markers.
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Fig. 22.5 Contrast MRI of
the sacrum showing bone
infiltration not easily appre-
ciated on an X-ray

The purpose of navigation is to identify the bony margins for resection, and thus
a CT scan is used because it is the best modality for cortical bone. MRI and CT have
a high sensitivity and specificity for bony tumor infiltration but margins are difficult
to identify intraoperatively and intralesional resection is very much possible in the
sacrum [29]. Currently, surgeons not using navigation rely on two-dimensional imag-
ing consisting of a CT and MRI obtained preoperatively and then analyze and recon-
struct the images into a 3D model within their mind during the intraoperative
resection leading to significant inaccuracies in tumor resection [31, 39, 40]. While
CT is often better at visualizing cortical bone status, MRI (Fig. 22.5) is the best
method for defining marrow involvement for bone tumors and soft tissue sarcomas
when planning for resection margins [52]. A surgeon can measure on MRI the mar-
row infiltration and then recreate this measurement on the CT used in computer navi-
gation as long as a similar slice thickness is used. In general, when we perform
surgery in the pelvis and on the sacrum using computer navigation, we typically only
use the CT imaging although some will use a CT-MRI fusion [1, 2, 11, 52]. We can
see some of the soft tissue on CT although not as well as on an MRI. While we have
not taken advantage of CT-MRI fusion, this modality is probably the best way to look
at soft tissue when using computer navigation. CT-MRI fusion allows for determin-
ing the extent of tumor resection planes based on the bony involvement seen on the
navigated software [25, 26]. CT-MRI fusion use has been described and was felt to
be beneficial to the surgical procedure [24]. Most fiducial markers in the past were
K-wires or titanium screws not allowing for the MRI to be used in preoperative imag-
ing for navigation. Some studies have described using resorbable 1.5 mm pins placed
beyond the tumor resection so that CT-MRI fusion and MRI images alone can be
used for patient registration [52]. While MRI alone can be used as an intraoperative
guide, its use in registration for navigation requires the use of paired-point registra-
tion but obtaining a registration error of <1 mm is hard without using fiducial markers
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[2] and metal markers cannot be used due to artifact associated with MRI. An impor-
tant point several authors make is that when using fiducial markers the slice cut must
be less than the slice thickness of either the preoperative MRI or CT scan; otherwise,
the possibility exists that one may miss the fiducial marker on the scan [52]. The
image fusion process is not without its own contribution to registration errors because
merging is still done visually by the surgeon leading to potential error even with the
best processes producing errors of 6 mm or more [52, 53].

Next comes planning on part of the surgeon through the aid of MRI for soft tissue
component and bony peritumoral edema and as well a CT for bone component to
determine the resection level. A specific CT consisting of a protocol for navigational
software must be obtained in order to be imported into the navigation or computer-
assisted software. At a minimum, a CT scan of the entire affected bone must be
obtained that has 0.5-2 mm cuts, continuous, and with no overlap [20, 28, 31, 39, 40,
42]. Virtual planning comes at the time when a CT scan is imported into the naviga-
tional software and the surgeon elects planes to determine the starting point and vec-
tor of the intended plane for future osteotomy or resection plane (Fig. 22.6). This all
occurs prior to the patient coming to surgery and is determined by the interpretation
of the preoperative imaging at a minimum consisting of a CT, but can include an MRI.

Pointer, straight Close Full Screen

Fig.22.6 Navigation screen showing tip of navigated instrument in green; the other planes repre-
sent the sacral joints in several different planes. This figure shows the navigated pointer and its use
to identify the beginning of the resection level. The other planes were created during preoperative
planning in order to avoid resection above or below these levels
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Intraoperative Process: The intraoperative process consists of tracker place-
ment, registration, and then resection. Intraoperative registration can occur at one of
two time points, both of which are after the patient has been put under general anes-
thesia. Either at the beginning prior to major surgical incision or at the time prior to
resection after all is exposed. This is determined by the technology available or the
surgeon’s preference on whether they think registration through “paired matching”
based on surface landmarks will be accurate enough or whether a reconstruction by
fluoroscopic “spin” with a C-arm would be more accurate.

When performing surgery with computer navigation, it is important to understand
tracker placement. Optical trackers can have issues with line of sight (Figs. 22.1 and 22.2),
and it is important to think about surgeon’s and patient’s positioning and use of navigated
tools [54]. Currently, at our institution, we have used an optical tracker with infrared sen-
sors but we were forced to be cognizant about tracker placement as well as tracker and tool
direction. Often the longest pins are used and placed into a stable part of the pelvis away
from the surgical site, usually on the contralateral side of the pelvis [55]. The tracker can be
placed into the non-resected sacral or pelvic bone or can be placed into the resected bone if
one chooses. However, if one needs to reconstruct or re-resect based on frozen margins,
placing the pins in the resected section will not work. Although two pins can be used for
tracker fixation, it is best to use three pins to better stabilize the tracker [56]. If the tracker
pins become loose, it can affect the registration accuracy and the registration process will
have to be performed again [20]. Also one must understand that the further the tracker is
placed away from the resection plane or the bony sacrum or pelvis the more room there is
for induced additional error in the system [45, 57]. The tracker should be placed far enough
away from the surgical site so minimal disturbance happens to the system during surgery,
i.e., leaning on the tracker with a retractor. We have placed pins and both removed and left
the tracker attached during surgery prior to resection but after registration. After registra-
tion and prior to resection, we either place the tracker back on and or touch point on the
pelvis or sacrum to confirm on the imaging that where we place the pointer is where we are
on the computer navigation screen. Anecdotally, no difference in accuracy between the two
methods has been seen although this hasn’t been formally tested. Decreased accuracy will
develop when the tracker or pins have been leaned on or when the pins become loose.
When this happens, rescue points or respinning can be used to re-establish accuracy of the
tracker. Rescue points are chosen on the computer navigation system prior to surgery. A
minimum of four rescue points are chosen that are accessible, identifiable, and reproduc-
ible and are often prominent bone landmarks, i.e. ASIS, AIIS, PSIS, and pubic tubercle and
pubic symphysis and one can use fiducial markers that are bioabsorbable.

One of the main logistical and timing issues in sacral surgery is often the need to flip
the patient if using anterior and posterior approaches. This becomes a major issue with
computer navigation as the most accurate way to match the CT with the patient in sur-
gery is through a “spin” (Fig. 22.4). The benefit to navigation is that sometimes allows
surgery to be performed through one approach. We often perform only one 3D fluoro-
scopic spin at the beginning of surgery with only tracker site incision opened up and the
patient partially draped. The patient was covered with sterile sheets and the tracker
with a sterile clear bag (Fig. 22.2). After the spin is completed with the Arcadis C-arm,
we finish draping the patient which includes Ioband and thus only the pin sites were
exposed to infection risk. This theoretically minimizes our risk of infection at the actual
surgical site. This is probably less of a concern in sacral surgery unless one is
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performing lumbar-pelvis fixation. Each time the patient is flipped and repositioned the
tracker must be replaced and new spin can be performed but it most likely places the
patient at a theoretically increased infection risk although placing the patient on fresh
surgical incision probably is a bigger risk. In this situation or having to flip back and
forth more than once, screws can be placed in either planned resected bone or in other
areas of the pelvis that can then be marked on the computer navigation software that
can be used as well-defined rescue points, at least four of these have to be chosen. The
benefit to fiducial markers is that another spin need not be performed but rather the
fiducial markers can be marked as rescue points in order to alleviate the need for
another spin.

Registration: All CT-based navigation systems require a registration process prior to
navigated surgical resection [58]. Registration is the most significant and error prone
step in navigation [59]. Originally, there were two registration algorithms developed for
CT-based navigation paired-point matching and surface matching [58, 60] and now
there is noninvasive registration of 3D data sets with the use of a navigated 2D fluoros-
copy via contour matching first described in the spine [60]. This occurs after a tracker
has been placed in a position that will be stable throughout surgery [20, 22]. This can be
done in several different ways and is mostly based on the type of computer navigation
software present at each institution with most systems being commercially available.
Since 2008, we have used a commercially available system (OrthoMap, 3D, Styrker
Orthopaedics, Mahwah, NJ) at our institution. This software package allows the sur-
geon to input data from both a CT and MRI obtained preoperatively several days before
surgery. In the surgical suite, we take advantage of the Arcadis C-arm (Siemens), a 360
degree fluoroscopic image intensifier that allows the clinician to use a C-arm to perform
a spin to obtain multiple multi-planar fluoroscopic images focused on the pubic sym-
physis (Fig. 22.4). This 3D fluoroscope turns around a surgical bed in a 190° arc acquir-
ing up to 100 images of the iso-center with a dimension of 12.5 cm?’. With these axial
cuts, 2D and 3D reformations can be transferred into the navigation system (Fig. 22.7)
[61]. In order to use 3D fluoroscopy for registration, a radiolucent bed is required to
allow the spin to occur. The limitation of this process is the small fluoroscope field
(12.5 cm) and the need to spin around a radiolucent bed requiring that the surgeon use
a centered anatomic structure of the patient in order to match the registration, i.e., the
pubis. The C-arm obtains several hundred images that form a pseudo 3D CT image that
is then matched with the pubic symphysis (Fig. 22.7) on the preoperative CT loaded
into the navigation software to create a virtual model to guide the surgeon. This process
can take up to 20-30 min to perform and requires sterilely covering the draped sterile
field. The other intraoperative data we collect are surgeon-defined landmarks to confirm
accuracy of the “spin” as well as defining optimal resection levels and implant position-
ing if needed. Image-to-image registration using 3D fluoroscopy [42] offers the benefit
of not requiring fiducial markers along with a pre-resection surgery and can have
improved registration accuracy over paired-point matching using bony landmarks.
Although target registration error is the smallest when using the ilium (centered 3 cm
above the acetabulum), one often has to use the pubis symphysis due the inability of a
C-arm to be centered over ilium at the supra-acetabular location and complete an unim-
peded revolution around the bed depending on the type of 2D fluoroscopic arm [42].

Other methods exist and include “paired-point matching and requires a mini-
mum of 4 points or paired points” that are chosen on the CT image and then
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Fig.22.7 (continued)

identified in the patient [22, 25, 26, 28]. This requires the surgeon to accurately
identify both on the CT image and on the patient the corresponding points.
Oftentimes, the pubic symphysis, ASIS, AIIS, pubic tubercle, and PSIS are used for
the patient to image matching [55]. Many will confirm the registration process by
palpating pubis and ilium [31, 55]. However, there are specific bony landmarks
often that cannot be identified or palpated due to patient positioning.

Accuracy of the registration process can be improved by surface matching [23].
Surface matching was developed to avoid a second surgery and improve efficiency
[58, 62]. The surgeon used the navigational probe to select in continuous succession
a minimum of 50 points on the patient’s exposed bone surface of the pelvis or
sacrum [22, 28]. Cartilage, ligament, and soft tissue cannot be used for surface map-
ping due to the fact that they will not show up very well on a CT scan. CT images
can be used for surface registration due to the nature of the bony cortex [25, 26].
MRI, on the other hand, can’t be used for surface registration because the navigation
system has a difficult time recognizing the cortical surface on the MRI [1, 52].

The registration error can be calculated by the navigation software and gives an indica-
tion of the mismatch between the true anatomy of the patient and the virtual image created
by the preoperative CT scan. The goal is to obtain a registration error of <1 mm but some
will accept below 2 mm [11, 22, 25, 26, 28, 63, 64]. Not too frequently a registration error
of greater than 2 mm will be obtained. When this occurs, it often happens due to soft tis-
sue being in the way of a bony landmark or that the paired points were not correctly
matched from the preselected area on the preoperative CT scan. Having an obese patient
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can make it hard to identify the correct points. The surgeon will then have to repick points
after confirming in the navigation system he has picked his correct landmarks on the CT
scan. After this, the process is repeated again to correctly obtain point on the pelvis. Rarely
does one have to abandon navigation. Because the “paired point” process can lead to user
error, our institution chooses to use a “spin” method (discussed above) performed by
recreating a bony landmark such as the pubic symphysis through the use of a C-arm tak-
ing several hundred images of the pubic symphysis that allow a virtual 3D image to be
created that can be matched with the CT imaging. Tracker insertion and registration can
take between 15 and 47 min but can often decrease from an average of 30-20 min after
the surgeon has performed more navigated surgeries [28]. Time is then saved during sur-
gery by not having to bring in C-arm or X-ray for multiple orthogonal images.

Fiducial markers are another way of enabling accuracy of registration; an implant
such as a titanium implant, either a Kirschner wire [1] or screw, is placed into the
patient’s pelvis under anesthesia prior to obtaining a CT scan of the pelvis for naviga-
tion. These serve as fiducials for patient registration at the time of surgical resection
[20]. Due to the possibility of needing to flip the patient, which can cause issue with
registration and thus accuracy, surgeons in the past have placed fiducial markers con-
sisting of K-wires (Titanium 1.8 mm) [20] into the pelvis prior to obtaining CT imag-
ing for navigation. The points are chosen based on ease of access during surgery such
as the iliac crests and posterior iliac spines [2, 20]. No more than four fiducial mark-
ers are needed for an accuracy of 1.5 mm [65]. Fiducials allow for better paired- point
registration than would be obtained with identifying bony landmarks. This can then
be augmented with surface fit registration. Planned registration landmarks should not
be prominent osseous features that may be included in the resection [52].

To improve accuracy with paired-point matching, small pins or fiducial markers
can be attached to the anatomical surface of interest but an additional surgery to
place these markers must occur prior to the preoperative CT [42, 58]. Fiducial mark-
ers can make things easier or if the patient is needed to be flipped from supine to
prone, not all the time can the surgery be performed only through a posterior approach
[54, 66]. While not routinely done, there are reported series of performing a surgery
prior to resection to place fiducial markers on or within the pelvis prior to obtaining
a CT scan for navigational planning. It is important to understand that a surgery
needs to be performed prior to obtaining the preoperative CT scan loaded into navi-
gation. These offer the ability to identify a finer paired-matched point when perform-
ing registration. However, this places the patient as risk for infection although it is
really mostly percutaneous. It also puts the patient through another anesthesia.

Performing the resection: After reconfirming ones observed accuracy from the reg-
istration process, bone cuts can be made several ways with navigation. Instrumentation
exists that allows a tracker to be placed onto a designated tool, and custom tracker
connectors can allow about any type of tool to be navigated as long as it can be cali-
brated. Several different tools can be used for navigation and can be navigated and
include diathermy device [22, 28], osteotomes [21], chisels [10, 19, 20], drills [25, 26,
67], burrs [2, 11], screw driver [21], and oscillating saws (Fig. 22.8) [22, 24, 31, 68].
Two of the most common tools used include a navigated saw and navigated osteotome.
The navigational saw involves placing a tracker on a conventional battery-driven saw
that has a specific blade that is much narrower than a saw blade used to perform a knee
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Fig.22.8 Comparison of a
navigated osteotome or
chisel to a navigated burr.
Make note the burr is not
straight; the burr tip is
referenced to the instrument
tracker relative to space

Fig.22.9 Navigated
osteotome 1/4 in. (1/4 to
1 in. can be navigated)

arthroplasty. The drawback of this saw blade is there is some significant flexibility in
the system. Instability due to vibrations and flexibility produced by the oscillating saw
can potentially induce error in the planned resection [51]. The operator can try to push
the saw blade and cause flexion that can cause an inaccurate reading of the saw blade
in space to the effect of several millimeters [39, 40, 68]. The saw also has to be started
away from the cortex. The key is to let the saw blade do the work. The other limitation
of the saw is the excursion of the blade and often cannot be used if the blade cannot
oscillate or if oscillation will injure tissue or disrupt tumor [22]. There are significant
improvements for angle of cut and location of the cut plane (2.8 mm) when using a
navigated saw compared to the freehand process (5.7 mm) [69]. The other navigational
tool at hand is the osteotome that allows the user to have non-flexible tool that gives
reliable depth and trajectory feedback via the computer navigational screen to the sur-
geon (Fig. 22.9). The drawback of the osteotome is that using it can cause unwanted
fractures in bone. Both the saw and the osteotome are ideal for uniplanar cuts but when
a multi-planar three-dimensional cut is needed another method is used. The surgeon
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Fig.22.10 Navigated
burr used for resection
in multiple planes;
generally, the smallest
size burr is used to
avoid compromising
margins

can use the navigation pointer/gun to mark “wayward” points along the bone for the
planned resection performed with either a drill, burr, or osteotome. These points after
being identified with the navigated pointer [1] can be marked with cautery or a sterile
marker which has been described [4, 25, 26, 39, 40]. At this point, a drill or a burr can
be used to create several holes along the planned cut. A burr has benefit over a drill in
that it can be used to thin cortex on the far side before dropping into tumor or a critical
structure that may exist on the opposite side (Fig. 22.10). The cut can then be com-
pleted with either an osteotome or burr at the discretion of the surgeon. Once the integ-
rity of what bone in question is compromised, i.e., resected then the accuracy of the
navigation is no longer valid. This occurs once the pelvis is disrupted in one area; there
is too much flexibility in the system to assure that the second osteotomy is in the
intended place [28]. Disruption of the ring can potentially disturb the accuracy of the
spatial relationship and the registration of the patient [2]. One thing to be aware of is
that the display of the instrument on the monitor and real localization may differ with
respect to what is seen in the operative field [38].

22.6 Benefits of Navigation

Computer navigation is a real-time intraoperative virtual imaging system that allows
the surgeon to identify location and planned resection in musculoskeletal oncology
(Fig. 22.11). The system can allow the user to make uniplanar resections with confi-
dence as it allows one to know the exit point of the cutting device (Fig. 22.12).
Previously, these cuts would have been made visually or with the aid of two-
dimensional radiograph or fluoroscopy. Those two modalities often do not allow the
surgeon to know how far or deep one has a cut. In the past and still today with sacral
surgery, a surgeon may attempt to place screws in the sacrum on the opposite side to
be able to identify on a plain radiograph or fluoroscopic image in order to make a
relatively safe blind cut. The issue with this cut is that x-ray and fluoroscopic image
doesn’t allow the surgeon to identify soft tissue component of the tumor on the other
side. With the use of computer navigation the surgeon can now save nerves and blood
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Fig. 22.11 Two surgeons watching the computer navigation screen while using a navigated burr
on and in the sacrum for a chordoma resection

vessels and create multi-planar resections that allow for preservation of bone and thus
improved the ability to implant attachment if needed. Musculoskeletal tumors are not
one dimensional, they don’t follow a single plane border, instead they are often lobu-
lated three-dimensional masses thus making the resection harder. The other benefit of
navigation is the ability to navigate multiple tools. A surgeon can now know the depth
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Fig.22.12 The green tip represents the tip of the navigated burr and shows how deep it has gone

and direction of their tool in three-dimensional space. Computer navigation doesn’t
only have to be used for resection and reconstruction, stealth navigation with the
O-arm and single K-wire for sacral and pelvic lesions that represent benign tumors
and hematologic tumors were used for tumor ablation and kyphoplasty in benign and
malignant non-primary bone tumors [27]. Another theoretical benefit of navigation
compared is decreased fluoroscopic exposure times to the surgeon [61, 70].
Accuracy Benefits: Computer navigation surgery allows the surgeon several ben-
efits with regard to surgery and margin status. In surgeries without navigation, sur-
geons often have to plan 2 cm margins in order to be assured that there is no tumor
violation [66]. It is difficult to achieve negative margins in sacral surgery [66] and
tumors involved with the sacrum have a higher prevalence of positive margins [71]
leading to higher recurrence rates and poorer outcomes. Clinical studies have shown
that navigated tools have assisted in attaining negative margins in pelvic and sacral
tumors [2, 10, 24-26, 31, 72]. Freehand-navigated saw improves cutting accuracy
[51, 73]. Computer-navigated surgery can increase precision of the osteotomies for
tumor resection [1, 2, 10, 20, 25, 26]. Given the accuracy of navigated tools, bone
loss related to the saw blade thickness can be accounted for and then adjusted for on
computer navigation planning by shifting the planned resection planes by 1.5 mm
[31]. In fact, most resection planes can be adjusted preoperatively based on known
resection width tools such as the osteotome (0.6 mm) and oscillating saw blade
(1.25 mm) which produced a loss of bone width of 2 mm due to oscillation [51].
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The use of computer navigation allows for accurate identification of the local anat-
omy in a distorted environment and can define the extent of the tumor and resection
margins [28, 39, 40]. Oftentimes, it is hard to identify the location and the extent of tumor
infiltration intraoperatively [39, 40]. A surgeon without computer navigation can’t see the
infiltration of the tumor within the bone marrow intraoperatively and instead the surgeon
must identify on MRI and CT the tumor infiltration related to bony landmarks and trans-
late that into landmarks on the patient’s pelvis or sacrum during surgery; this relationship
between what is seen on preoperative imaging and what is identified in the patient can
lead to errors that translate into positive margins in the non-computer-assisted surgery.
Computer navigation allows a surgeon to identify the extent of the tumor infiltration on
the virtual imaging that is shown on the computer navigation monitor and know that their
resection will not go through tumor. The main benefit of improved accuracy through this
modality is the ability to get closer to the tumor without compromising margins. The goal
of navigation is to reduce the rate of intralesional resection, i.e., positive margins. One
can study looking at navigation in the pelvis and sacrum reduced the intralesional rate to
8.7% (n = 2) with clear bone margins in all cases (n = 31) with a 13% local recurrence
rate compared to the traditional method where intralesional rate and local recurrence rate
were found to be 29% and 27%, respectively [22]. Only now are oncologic surgeons
beginning to see the benefit of getting closer to the tumor without compromising the
margins. Surgeons using computer navigation believe that it allows more complex resec-
tions and reconstructions than are possible with conventional surgery including preserva-
tion of sacral nerve root controlling bladder and bowel (42% of time), resect unresectable
tumors (13%), and avoidance of hindquarter amputation (10%) [22].

In studies, there is a 52% probability of achieving a 1 cm margin in a triplane-simulated
tumor model of the pelvis when performed by an experienced surgeon without computer
navigation [30]. One experimental study showed that the cut planes with respect to the
planned planes in the pelvis were significantly improved by using a navigated saw, aver-
aging 2.8 mm compared to 11.2 mm for the freehand saw (p < 0.001) and there were no
intralesional tumor resections compared to 22% (N = 5) intralesional procedures in the
freehand group (N = 23) [68]. What was also found within this experimental study is that
the maximum difference achieved between the cut and the desired safe margin of 10 mm
was 6.5 mm for the navigated cut compared to the 13 mm cut [68]. In another experimen-
tal study in the setting of using intraoperative CT, the navigated sawbones cuts were
1.4 + 1 mm entry cut and 1.9 + 1.2 mm exit cut from the planned resection compared to
non-navigated 2.8 + 4.9 mm entry cut and 3.5 + 4.6 mm exit cut in a pelvic bone model
showing a significant (p < 0.01) difference in the two methods and the navigated cadaver
study produced similar values for the navigated entry cut location of 1.5 + 0.9 mm and
navigated exit cut location of 2.1 + 1.5 mm form the planned cuts using [51]. This showed
that navigation used in pelvic tumor resection allowed an osteotomy within 5 mm of the
planned resection [51]. The overall benefit to navigated surgery is the reproducibility of
the surgical resection. In a study of 28 patients with 61 osteotomies, the quantitative dif-
ference between the planned osteotomies and performed osteotomies was 2.52 +2.32 mm
for all patients and 2.82 + 2.01 for the sacrum and pelvis [39, 40]. While not often used in
the setting of sacral tumor allograft, reconstructions can benefit from the use of computer
navigation. Inaccuracy with respect to measured dimensions exists in the selection of
massive bone allograft of the pelvis using template comparison method [74]. Due to the
reproducibility of the precision, some surgeons use navigation to resect the tumor and then
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use the navigation software to create an allograft piece of pelvis or sacrum to fill the defect
created from the resection in order to reconstruct the pelvis. Navigation has been shown
that it can also be used to cut a custom fitting allograft if reconstruction is to be performed
[31]. One of the original purposes of navigation that is not often used in sacral resection is
reconstruction of the appropriate hip center, leg length, and hip joint version. It allows a
way to properly orient reconstruction components when no bony landmarks exist.

22.7 Limitations of Navigation

Limitations of Accuracy: Navigation is not a perfect system and the surgeon should
understand what affects its accuracy in surgery [13]. Accuracy can be limited in several
ways: the imaging system itself can limit accuracy, operator error of the tools, and reg-
istration of the tools and registration of the patient can limit accuracy. Inaccurate oste-
otomies or lack of precision for a cut can be manually caused by the surgeon due to saw
blade bending when cutting bone [69]. Be aware that the instrument location seen on the
display may not match the real localization on the patient [38]. Some studies have
reported that the true accuracy in most studies only represent the accuracy of the intra-
operative registration process as recorded by the navigation machine [24] and have even
suggested that pathology margins are the best way to measure accuracy. Given that most
inaccuracies occur due to the registration process which is operator dependent, a sur-
geon should understand the affect that they impart into the system. Getting good infor-
mation out of computer navigation is dependent on putting good data into the system.
Patients with significant BMI [28] can limit exposure and make it difficult to accurately
identify bony landmarks for paired-point matching. Depending on age, a thick cartilage
cap can lead to an inaccurate registration [28]. In fact, any soft tissue that impedes one’s
ability to get to cortical bone, such as tendon insertion, ligaments, articular cartilage, and
soft tissue component of tumor can affect the accuracy of the resection due to compro-
mised registration. Picking or creating a mobile segment of bone can lead to inaccurate
resection [28], so it is important to appreciate what is mobile or what will be mobile.
Once a single bone cut is created a certain amount of uncertainty is introduced into the
system for the subsequent cut [2]. Disruption of the ring by ligament sectioning can
potentially disturb the accuracy of the spatial relationship and the registration of the
patient [2]. The use of navigation can only improve accuracy of bony resection and
avoid inadvertent perforation of tumor with osteotome. Navigation is not the perfect
system. Narrow soft tissue margins cannot be improved with navigation [22]. It does
have several drawbacks including time for surgery [1, 21] due to the registration process
[49]. The use of navigation is costly due to surgery time and system itself. It does have
a learning curve associated with it but that time lessens as more experience is gained
[22]. Although additional operating time is needed for navigation setup, defining the
resection plane on preoperatively obtained images can reduce the overall surgical time
as no resection margin has to be defined while in surgery [25, 26]. The cumulative accu-
racy of the entire navigation system can be a limiting factor [18, 20, 37, 58]. Infrared
cameras in some studies were felt to be the main contributing factor of inaccuracy [75].
Image fusion involved in CT-MRI fusion is also a type of registration, although the
registration is image to image instead of image to patient, process that leads registration
error [52, 53]. This is often due to the fact that merging is performed on a visual basis.
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22.8 Summary

Sacrum and pelvis three-dimensional anatomy is difficult to understand and master con-
ceptually when trying to resect tumors [51, 76]. Pelvic area surgery is demanding due to
anatomy and is difficult to get tumor-free margin leading to higher local recurrence [20,
23, 72, 77]. The purpose of navigation is to provide the surgeon an accurate three-
dimensional virtual model of the tumor and pelvic structures including the sacrum that
will correlate with the patient’s anatomy at the time of surgery. With this 3D model, the
surgeon can plan and map on the navigational software the surgical resection cuts that
can be either uniplanar or multi-planar. If needed, although not usually with the sacrum,
a custom prosthesis can be made based on the presurgical modeling if standard implants
cannot be used. Most importantly, one can choose with the aid of computer navigation
the number and vector of the surgical resection as well as a defined margin with respect
to the tumor. Navigation serves as a planning tool. Surgery in the sacrum can be hard in
normal anatomy and even harder when a tumor distorts the normal anatomy. Computer
navigation is relatively new in the musculoskeletal world and has probably been used
for tumor resection for less than 10 years. Computer navigation offers a lot of benefits;
however, the system is not foolproof. Where computer navigation excels, there is the
ability to “see beyond walls.” Working on the sacrum is hard for several reasons; this
includes the fact that there are nerves the surgeon would like to spare; it can be hard to
identify what level of the sacrum one is at either on intraoperative fluoroscopy or by
bony landmarks; and lastly, it is hard to know what lies on the other side of the sacral cut
and which direction one is heading. With computer navigation one can literally see
where one is heading to in real time and how close ones cut is coming to tumor on the
other side. Navigation can only improve bone resection accuracy; it cannot improve the
narrow margins associated with soft tissue components due the nature of soft tissue
moving because of the inability to navigate soft tissue sarcoma [23, 78].

The future of computer-assisted surgery will include computer navigation but also
will begin to include the benefit of robotic-assistive devices and patient-specific instru-
mentation [72]. Computer navigation is a passive system which only provides informa-
tion or feedback while the future robotic-assisted surgeries will be performed with a
more active system that physically guides and limits the surgeon from straying outside
of predetermined resection planes [79]. Currently, systems exist to help with total knee
and total hip arthroplasty that provide reproducibility and precision. The benefit to
robotic-assisted surgery involves still maintaining control of saws and osteotomes while
minimizing the effect of tool vibration and fatigue on part of the surgeons hand [80].
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institution. METHODS: The cases of sixty-four patients with localized pelvic chondrosarcoma
that had been surgically treated between 1975 and 1996 were reviewed retrospectively. The
study was limited to patients who had received no previous treatment for chondrosarcoma.
There were forty-one male and twenty-three female patients who had a mean age of forty-
seven years (range, fifteen to eighty-eight years). The patients were followed for a minimum
of three years or until death. The median duration of follow-up of the living patients was 140
months (range, thirty-nine to 295 months). RESULTS: Thirty-three of the sixty-four patients
were first seen with grade-1 chondrosarcoma; twenty-three, with grade-2; one, with grade-3;
and seven, with grade-4 (dedifferentiated chondrosarcoma). Thirteen patients had a hemipel-
vectomy to achieve local tumor control, whereas fifty-one patients underwent a limb-salvage
procedure. Twelve patients (19%) had local recurrence, and eleven (17%) had distant metasta-
ses. At the time of the final follow-up, forty-four patients (69%) were alive without evidence
of disease, thirteen (20%) had died of the disease, six (9%) had died of unrelated causes, and
one (2%) was alive with disease. Less than a wide surgical margin correlated with local recur-
rence (p = 0.014). High-grade tumors correlated with poor overall survival (p < 0.001). All
patients who had a limb-salvage procedure were able to walk at the time of the final follow-up,
and they had a mean functional score of 77%, according to the system of the Musculoskeletal
Tumor Society. CONCLUSIONS: Aggressive surgical resection of pelvic chondrosarcoma
results in long-term survival of the majority of patients. There is a high correlation between
tumor grade and overall or disease-free survival.

8. Sucato DJ, et al. Ewing’s sarcoma of the pelvis. Long-term survival and functional outcome.
Clin Orthop Relat Res. 2000;(373):193-201. Fifty patients with Ewing,s sarcoma of the pelvis
were treated using a multidisciplinary approach; followup of surviving patients averaged 137
months (range, 40-276 months). The addition of surgical resection to the multidisciplinary
treatment for all patients was associated with improved survival compared with survival of
patients treated with chemotherapy and radiation therapy alone; the addition of surgery to the
treatment regimen of 37 patients without metastases also was associated with improved sur-
vival. There were no significant differences between the surgical and nonsurgical groups in
terms of tumor size, stage of disease, patient age, duration of symptoms before diagnosis, or
anatomic site. Surgery was used more often in recently treated patients, but the year of diagno-
sis and treatment did not significantly affect overall survival, secondary to large confidence
intervals. The Short Form-36 and the Musculoskeletal Tumor Society functional evaluation
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instruments showed a superior level of function in the nonsurgical group, but this difference
was not statistically significant. There have been many advances in the treatment of patients
with Ewing’s sarcoma during the past 3 decades, resulting in improved survival for patients
with Ewing’s sarcoma of the pelvis. The addition of surgery significantly improved survival
and did not show a significant difference in functional outcome.

9. Wirbel RJ, et al. Surgical treatment of pelvic sarcomas: oncologic and functional outcome.
Clin Orthop Relat Res. 2001;(390):190-205. The experiences in treating 93 consecutive
patients (56 males, 37 females; mean age, 38.5 years; range, 4-69 years), including 76 patients
with primary malignant bone tumors and 17 patients with soft tissue sarcomas involving the
innominate bone, are reported. Oncologic and functional results were investigated in relation
to the tumor stage, to the achieved surgical margin, and to the surgical procedure (hemipelvec-
tomy, internal hemipelvectomy and endoprosthetic replacement, and continuity resection).
The mean followup was 48 months (range, 8-222 months). The 5-year survival was 86% in
patients with low-grade malignant bone tumors, 42% in patients with high-grade malignant
bone tumors, and 25% in patients with high-grade soft tissue sarcomas. Survival was influ-
enced by the grade of malignancy, the tumor stage, and the achieved surgical margins. Forty-
six patients who survived were examined an average of 36 months after primary surgery.
Excellent and good functional results were seen in 82% of patients who underwent continuity
resection and in 55.5% of patients who underwent partial or total internal hemipelvectomy. All
patients who survived hemipelvectomy had poor functional results. Surgical treatment of pel-
vic sarcomas is an extensive procedure with a considerable incidence of complications. It
requires the knowledge of different techniques of resection and reconstruction of bone, joints,
soft tissue, and intrapelvic organs.

10. Krettek C, et al. Computer aided tumor resection in the pelvis. Injury. 2004;35 Suppl
1:S-A79-83. Surgical treatment of malignant tumors within the pelvis is a complex problem
due to the anatomy and biomechanics. There are standardized preoperative diagnostic tools
like computed tomography (CT) or magnetic resonance imaging (MRI) that provide multidi-
mensional information. However, this information cannot be transferred intraoperatively.
Computer aided orthopedic surgery (CAOS) may be a solution for precise intraoperative accu-
racy for these indications. We report on two patients with tumors within the pelvis. In one
patient, an infiltrating recurrent chordoma within the sacrum was resected with CAOS. The
other patient presented with a periacetabular chondrosarcoma. Resection was done with navi-
gation so precise that a custom-made hemipelvis prosthesis with a special coating fit. In both
patients, a complete resection was achieved with tumor-free resection margins. Navigation
may be helpful in tumor surgery within the pelvis.

11. Wong KC, et al. Image fusion for computer-assisted bone tumor surgery. Clin Orthop Relat
Res. 2008;466(10):2533—41. The fusion of computed tomography and magnetic resonance
images is a software-dependent processing technique that enables one to integrate and analyze
preoperative images for planning complex musculoskeletal tumor resections. By integrating
various imaging modalities into one imaging data set we may facilitate preoperative image
analysis and planning of navigation computer-assisted bone tumor resection and reconstruc-
tion. We performed image fusion for computer-assisted tumor surgery in 13 consecutive
patients, seven males and six females, with a mean age of 35.8 years (range, 6-80 years). Visual
verification of fused images was accurate in all patients. The mean time for image fusion was
30.6 minutes (range, 8-80 minutes). After intraoperative registration, all tumor resections were
performed as planned preoperatively under navigation image guidance. Resections achieved
after navigation resection planning were validated by postoperative CT or resected specimens
in seven patients. Histologic examination of all resected specimens showed tumor-free mar-
gins in patients with bone sarcoma. The fusion of computed tomography and magnetic reso-
nance imaging has the potential to enhance computer-assisted bone tumor surgery. The fusion
image, when combined with surgical navigation, helps surgeons reproduce a preoperative plan
reliably and may offer substantial clinical benefits.

12. Schlondorff G. Computer-assisted surgery: historical remarks. Comput Aided Surg.
1998;3(4):150-2.
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13.

14.

15.

16.

Stiehl JB, Heck DA. Computer-assisted surgery: basic concepts. Instr Course Lect.
2008;57:689-97. Computer-assisted surgery has been advocated as a significant enabling tech-
nology that will enhance the surgical technique of various orthopaedic procedures. The com-
puter becomes a sophisticated measuring tool, determining the three-dimensional spatial
orientation of fiducial points, which may be established by a variety of referencing methods.
These fiducial points or arrays may define a bone, an instrument, or a prosthesis. Current ref-
erencing methods include using segmented computer tomograms; fluoroscopic images; ultra-
sound images; and imageless, direct anatomic point-picking methods. Tracking technologies
use optical cameras and electromagnetic coils. Optical systems have high reliability with
errors of less than 0.5 mm. Electromagnetic trackers have a similar capability, but are less reli-
able because of the distortion of the electromagnetic signal that may result from the complex
operating room environment. Accuracy with current CT-referenced systems approximates 1
degrees or 1 mm. Other methods such as fluoroscopy or ultrasound are less precise because of
difficulty related to the ability to consistently define a specific anatomic structure. Descriptive
measures of outcome include standard deviation and quantification of error. Process capability
indices or Six Sigma are suitable methods for comparing outcomes with computer-assisted
surgery and can be generalized from various approaches.

Amiot LP, et al. Computer-assisted pedicle screw fixation. A feasibility study. Spine (Phila Pa
1976). 1995;20(10):1208-12. STUDY DESIGN: We evaluated a computer-assisted surgical
tool for inserting pedicle screws. OBJECTIVES: This study reviewed the feasibility, useful-
ness, and accuracy of the proposed tool. SUMMARY OF BACKGROUND DATA: Reviews
documented neurovascular damage caused by screw misplacement. Currently, screw hole
position is assessed by radiologic means and curette palpation. METHODS: Three sheep ver-
tebrae and one artificial object were reconstructed three-dimensionally from computed tomog-
raphy scan slices. At surgery, the surgeon’s movements were displayed relative to the
three-dimensional vertebrae on a computer screen. The tool was used to detect pedicles and to
verify the position of drilled holes. In our laboratory, we calculated the system’s accuracy by
taking measurements on the artificial object. RESULTS: All pedicles were identified with the
computer. Five of the six drilled hole positions were correctly represented. An accuracy of
4.5 mm +/- 1.1 mm RMS (root of the mean squared) and 1.6 degrees +/- 1.2 degrees were
calculated. CONCLUSIONS: Results suggested the proposed system could be useful for ped-
icle detection and assessing the intravertebral location of a drilled hole. The proposed system
could be used for many different orthopedic procedures where structures are hidden from the
surgeon’s view.

Dessenne V, et al. Computer-assisted knee anterior cruciate ligament reconstruction: first clini-
cal tests. J Image Guid Surg. 1995;1(1):59-64. Anterior cruciate ligament reconstruction is a
delicate task. The procedure of choice is the patellar tendon bone autograft, but an anisometric
position of this tendon often leads to failure. We allows positioning of the central part of the
ligament graft at the least anisometric sites. The system uses a workstation and a three-
dimensional optical localizer to create images that represent knee kinematics. The surgeon
uses these images to guide the surgery. This technique has been validated on eight cadavers and
12 patients.

Amiot LP, et al. Comparative results between conventional and computer-assisted pedicle
screw installation in the thoracic, lumbar, and sacral spine. Spine (Phila Pa 1976).
2000;25(5):606—14. STUDY DESIGN: A comparative study on the position of pedicle screws
in patients treated surgically with and without computer assistance. OBJECTIVES: To evalu-
ate the accuracy of computer-assisted pedicle screw installation, and to evaluate its clinical
benefit as compared with conventional pedicle screw installation techniques. SUMMARY OF
BACKGROUND DATA: In vitro and clinical studies have documented a significant rate of
misplaced screws in the thoracolumbar area. Neurologic complications are recognized prob-
lems caused by screw misplacement. METHODS: Patients treated surgically with computer
assistance were compared with a historical control group of patients treated surgically with
conventional techniques in the same hospital and by the same surgical team. All screw posi-
tions were measured with a postoperative magnetic resonance tomography, and cortical effrac-
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tions were categorized in 2-mm increments. Patients’ charts also were reviewed to assess
individual neurologic outcomes. RESULTS: The control cohort was composed of 100 patients,
with 544 screws from T5 to S1. The computer-assisted cohort was composed of 50 patients,
with 294 screws from T2 to S1. In the control cohort, 461 of 544 screws (85%) were found
completely within their pedicles as compared with 278 of 294 screws (95%) correctly placed
in the computer-assisted group (P < 0.0001). All 16 screws incorrectly placed with computer
assistance were found 0.1 mm to 2 mm from the pedicle cortex. In the control cohort, 68
screws were found 0.1 mm to 2 mm, 10 screws 2.1 mm to 4 mm, and 5 screws more than 4 mm
from the pedicle cortex. Seven patients in the control cohort were surgically retreated because
of postoperative neurologic deficits, whereas no patients in the computer-assisted group were
surgically retreated. CONCLUSIONS: Computer assistance can decrease the incidence of
incorrectly positioned pedicle screws.

17. Castro WH, et al. Accuracy of pedicle screw placement in lumbar vertebrae. Spine (Phila Pa
1976). 1996;21(11):1320—4. STUDY DESIGN: The location of pedicle screws (n =42) in four
human specimens of the lumbar spine and in 30 patients (n = 131 screws) after lumbar spinal
fusion was assessed using computed tomography. OBJECTIVES: To determine the accuracy
of pedicle screw placement in lumbar vertebrae and the reproducibility and repeatability of the
computed tomography examination. SUMMARY OF BACKGROUND DATA: Failures in the
placement of transpedicular screws for lumbar fusion are reported. The evaluation of such
screws using computed tomography examination has not been investigated. METHODS: After
surgery, the specimens were dissected in transversal slices to observe macroscopically the
location of the pedicle screw and to correlate these observations with the computed tomogra-
phy images. All patients were examined by one observer. To determine the reproducibility and
repeatability of the computed tomography examination, two observers studied computed
tomography images of 12 patients (n = 58 screws) twice within 3 months. RESULTS: In the
specimens, 10 screws were observed to penetrate the medial wall of the pedicle. This corre-
lated fully with the images. In the patients’ group, 40% of all screws penetrated the cortex of
the vertebra. Of all screws, 29% penetrated the medial wall of the pedicle. From the computed
tomography images, it appeared that a deviation of more than 6 mm medially was a high risk
for nerve root damage. Three months after his first examination, Observer 1 documented a
different position in three of 58 screws (kappa = 0.90). Observer 2 found a different position in
eight screws (kappa = 0.65). The comparison between the reviews of the two observers showed
a different opinion for the first evaluation, four disagreements (2-4 mm) and 17 disagreements
(0-2 mm; kappa = 0.34), and for the second evaluation, four disagreements (2-4 mm) and 12
disagreements (0-2 mm; kappa = 0.43). CONCLUSIONS: Correct placement of transpedicular
screws for spinal fusion seems to be more difficult than it looks. The computed tomography
scanning is useful for differential diagnosis of postoperative radicular syndromes after lumbar
transpedicular fixation.

18. Hufner T, et al. Computer-assisted fracture reduction of pelvic ring fractures: an in vitro study.
Clin Orthop Relat Res. 2002;(399):231-9. A newly developed software module for computer-
assisted surgery based on a commercially available navigation system allows simultaneous,
independent registration of two fragments and real-time navigation of both fragments while
reduction occurs. To evaluate the accuracy three fracture models were used: geometric foam
blocks, a pelvic ring injury with disruption of the symphysis and the sacroiliac joint, and a
pelvic ring fracture with symphysis disruption and a transforaminal sacral fracture. One exam-
iner did visual and navigated reduction and in all experiments the end point was defined as
anatomic reduction. Residual displacement was measured with a magnetic motion tracking
device. The results revealed a significantly increased residual displacement with navigated
reduction compared with visual control. The differences were low, averaging 1 mm for resid-
ual translation and 0.7 degrees for the residual rotation, respectively. Residual displacement
was small in both set-ups and may not be clinically relevant. Additional development of the
software prototype with integration of surface registration may lead to improved handling and
facilitated multifragment tracking. Use in the clinical setting should be possible within a short
time.
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Langlotz F, et al. The first twelve cases of computer assisted periacetabular osteotomy. Comput
Aided Surg. 1997;2(6):317-26. Image guided freehand navigation of surgical instruments has
been applied to the Bernese periacetabular osteotomy, a complex surgical technique for the
treatment of dysplastic hips. This navigation system has been introduced into the operating
room and has so far been used for 12 patients. Image data from computed tomography (CT)
scans are presented in various ways to support the preoperative plan and to provide optimized
control of surgical action. Special attention has been paid to the implementation of a
sophisticated surgeon-machine interface. This paper describes the features of this novel surgi-
cal navigation system and its introduction into the clinical environment.

Hufner T, et al. New indications for computer-assisted surgery: tumor resection in the pelvis.
Clin Orthop Relat Res. 2004;(426):219-25. The resection of recurrent malignant pelvic tumors
was supported by a commercially available navigation system in three patients. Preoperatively
three-dimensional images from the pelvis were obtained by computed tomography or mag-
netic resonance imaging to identify the tumor extension. During surgery navigated tools ori-
ented the surgeon to excise the tumor with adequate virtual margins. Navigation was helpful
for tumor identification in one patient with a recurrent presacral mesenchymal chondrosar-
coma. In the other two patients the tumor resection in the bone was done with three-dimensional
observation of the osteotomies in the sacrum. In all three patients the histopathologic analysis
confirmed that the neoplasms were excised accurately within their margins. We think that
computer-assisted surgery is a potential method to increase the accuracy of tumor resections.
Cheong D, Letson GD. Computer-assisted navigation and musculoskeletal sarcoma surgery.
Cancer Control. 2011;18(3):171-6. BACKGROUND: Despite advances in medical, surgical,
and radiation oncology, deep-seated bone sarcomas that require large osseous resections con-
tinue to present resection and reconstructive challenges to musculoskeletal surgeons.
METHODS: We describe our experience with computer navigation techniques combined with
complex pelvic resections and limb-preserving surgeries. RESULTS: Computer-assisted navi-
gation has shown promise in aiding in optimal preoperative planning and in providing more
accurate and precise feedback during surgery. CONCLUSIONS: Computer-assisted naviga-
tion offers precise instrumentation, technology-oriented imaging systems, and powerful infor-
mation processing, all of which can assist in decision making, preoperative planning, and
surgical accuracy.

Jeys L, et al. Can computer navigation-assisted surgery reduce the risk of an intralesional
margin and reduce the rate of local recurrence in patients with a tumour of the pelvis or
sacrum? Bone Joint J. 2013;95-B(10):1417-24. We hypothesised that the use of computer
navigation-assisted surgery for pelvic and sacral tumours would reduce the risk of an intrale-
sional margin. We reviewed 31 patients (18 men and 13 women) with a mean age of 52.9 years
(13.5 to 77.2) in whom computer navigation-assisted surgery had been carried out for a bone
tumour of the pelvis or sacrum. There were 23 primary malignant bone tumours, four meta-
static tumours and four locally advanced primary tumours of the rectum. The registration error
when using computer navigation was < 1 mm in each case. There were no complications
related to the navigation, which allowed the preservation of sacral nerve roots (n = 13), resec-
tion of otherwise inoperable disease (n = 4) and the avoidance of hindquarter amputation
(n = 3). The intralesional resection rate for primary tumours of the pelvis and sacrum was
8.7% (n = 2): clear bone resection margins were achieved in all cases. At a mean follow-up of
13.1 months (3 to 34) three patients (13%) had developed a local recurrence. The mean time
alive from diagnosis was 16.8 months (4 to 48). Computer navigation-assisted surgery is safe
and has reduced our intralesional resection rate for primary tumours of the pelvis and sacrum.
We recommend this technique as being worthy of further consideration for this group of
patients.

Reijnders K, et al. Image guided surgery: new technology for surgery of soft tissue and bone
sarcomas. Eur J Surg Oncol. 2007;33(3):390-8. AIM: Providing the surgical oncologist with a
new means of performing safe and radical sarcoma surgery with the help of image guidance
technology. METHOD: Two patients with pelvic sarcomas were operated upon with the help
of an intra-operative navigation system. The technology of image guided surgery is described
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in one patient with a retroperitoneal sarcoma invading the bony pelvis and another patient with
a chondrosarcoma of the iliac crest. RESULTS: We show that this new procedure enables
optimal radical surgical resection with minimal treatment related morbidity or loss of function.
CONCLUSION: Image guided surgery is a new technical tool in sarcoma surgery.

24. So TY, et al. Computer-assisted navigation in bone tumor surgery: seamless workflow model
and evolution of technique. Clin Orthop Relat Res. 2010;468(11):2985-91. BACKGROUND:
Computer-assisted navigation was recently introduced to aid the resection of musculoskeletal
tumors. However, it has not always been possible to directly navigate the osteotomy with real-
time manipulation of available surgical tools. Registration techniques vary, although most
existing systems use some form of surface matching. QUESTIONS/PURPOSES: We devel-
oped and evaluated a workflow model of computer-assisted bone tumor surgery and evaluated
(1) the applicability of currently available software to different bones; (2) the accuracy of the
navigated excision; and (3) the accuracy of a new registration technique of fluoro-CT match-
ing. METHODS: Our workflow involved detailed preoperative planning with CT-MRI image
fusion, three-dimensional mapping of the tumor, and planning of the resection plane. Using the
workflow model, we reviewed 15 navigation procedures in 12 patients, including four with
joint-saving resections and three with custom implant reconstructions. Intraoperatively, regis-
tration was performed with either paired points and surface matching (Group 1, n = 10) or a
new technique of fluoro-CT image matching (Group 2, n = 5). All osteotomies were performed
under direct computer navigation. Postoperatively, each case was evaluated for histologic mar-
gin and gross measurement of the achieved surgical margin. RESULTS: The margins were free
from tumor in all resected specimens. In the Group 1 procedures, the correlation between
preoperative planned margins and actual achieved margins was 0.631, whereas in Group 2
procedures (fluoro-CT matching), the correlation was 0.985. CONCLUSIONS: Our findings
suggest computer-assisted navigation is accurate and useful for bone tumor surgery. The new
registration technique using fluoro-CT matching may allow more accurate resection of
margins.

25. Wong KC, et al. Precision tumour resection and reconstruction using image-guided computer
navigation. J Bone Joint Surg Br. 2007;89(7):943—7. The use of a navigation system in muscu-
loskeletal tumour surgery enables the integration of pre-operative CT and MRI images to gen-
erate a precise three-dimensional anatomical model of the site and the extent of the tumour. We
carried out six consecutive resections of musculoskeletal tumour in five patients using an exist-
ing commercial computer navigation system. There were three women and two men with a
mean age of 41 years (24 to 47). Reconstruction was performed using a tumour prosthesis in
three lesions and a vascularised fibular graft in one. No reconstruction was needed in two
cases. The mean follow-up was 6.9 months (3.5 to 10). The mean duration of surgery was 28
minutes (13 to 50). Examination of the resected specimens showed clear margins in all the
tumour lesions and a resection that was exactly as planned.

26. Wong KC, et al. Computer assisted pelvic tumor resection and reconstruction with a custom-
made prosthesis using an innovative adaptation and its validation. Comput Aided Surg.
2007;12(4):225-32. Computer aided musculoskeletal tumor surgery is a novel concept.
Ideally, computer navigation enables the integration of preoperative information concerning
tumor extent and regional anatomy to facilitate execution of a surgical resection. Accurate
resection helps oncological clearance and facilitates precise fitting of a custom prosthesis. We
adapted a commercially available computer navigation platform for spine, and used it to plan
and execute pelvic bone resection and custom pelvic prosthetic reconstruction in a patient with
a metastatic tumor affecting the acetabulum. The surgery was simulated and validated using a
plaster bone model based on the patient’s preoperative CT data, before performing the proce-
dure on the patient.

27. Wu K, et al. Intraoperative navigation for minimally invasive resection of periarticular and
pelvic tumors. Orthopedics. 2011;34(5):372. The surgical approach to benign, metastatic, and
some low-grade malignant tumors is often difficult due to their typically precarious locations.
This article presents a series of cases where intraoperative stealth navigation was used to treat
periarticular tumors. The use of paired point imaging with image fusion has made approaching
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30.

tumors through an accurate and minimally invasive technique a viable option for the treatment
of a subset of musculoskeletal tumors.

Young PS, et al. The evolving role of computer-assisted navigation in musculoskeletal oncol-
ogy. Bone Joint J. 2015;97-B(2):258-64. We report our experience of using a computer
navigation system to aid resection of malignant musculoskeletal tumours of the pelvis and
limbs and, where appropriate, their subsequent reconstruction. We also highlight circum-
stances in which navigation should be used with caution. We resected a musculoskeletal
tumour from 18 patients (15 male, three female, mean age of 30 years (13 to 75) using com-
mercially available computer navigation software (Orthomap 3D) and assessed its impact on
the accuracy of our surgery. Of nine pelvic tumours, three had a biological reconstruction with
extracorporeal irradiation, four underwent endoprosthetic replacement (EPR) and two required
no bony reconstruction. There were eight tumours of the bones of the limbs. Four diaphyseal
tumours underwent biological reconstruction. Two patients with a sarcoma of the proximal
femur and two with a sarcoma of the proximal humerus underwent extra-articular resection
and, where appropriate, EPR. One soft-tissue sarcoma of the adductor compartment which
involved the femur was resected and reconstructed using an EPR. Computer navigation was
used to aid reconstruction in eight patients. Histological examination of the resected specimens
revealed tumour-free margins in all patients. Post-operative radiographs and CT showed that
the resection and reconstruction had been carried out as planned in all patients where naviga-
tion was used. In two patients, computer navigation had to be abandoned and the operation was
completed under CT and radiological control. The use of computer navigation in musculoskel-
etal oncology allows accurate identification of the local anatomy and can define the extent of
the tumour and proposed resection margins. Furthermore, it helps in reconstruction of limb
length, rotation and overall alignment after resection of an appendicular tumour.

Ozaki T, et al. Osteosarcoma of the pelvis: experience of the Cooperative Osteosarcoma Study
Group. J Clin Oncol. 2003;21(2):334—41. PURPOSE: To define patients and tumor character-
istics as well as therapy results, patients with pelvic osteosarcoma who were registered in the
Cooperative Osteosarcoma Study Group (COSS) were analyzed. PATIENTS AND METHODS:
Sixty-seven patients with a high-grade pelvic osteosarcoma were eligible for this analysis.
Fifteen patients had primary metastases. All patients received chemotherapy according to
COSS protocols. Thirty-eight patients underwent limb-sparing surgery, 12 patients underwent
hemipelvectomy, and 17 patients did not undergo definitive surgery. Eleven patients received
irradiation to the primary tumor site: four postoperatively and seven as the only form of local
therapy. RESULTS: Local failure occurred in 47 of all 67 patients (70%) and in 31 of 50
patients (62%) who underwent definitive surgery. Five-year overall survival (OS) and
progression-free survival rates were 27% and 19%, respectively. Large tumor size (P =.0137),
primary metastases (P =.0001), and no or intralesional surgery (P <.0001) were poor prognos-
tic factors. In 30 patients with no or intralesional surgery, 11 patients with radiotherapy had
better OS than 19 patients without radiotherapy (P =.0033). Among the variables, primary
metastasis, large tumor, no or intralesional surgery, no radiotherapy, existence of primary
metastasis (relative risk [RR] = 3.456; P =.0009), surgical margin (intralesional or no surgical
excision; RR =5.619; P <.0001), and no radiotherapy (RR = 4.196; P =.0059) were indepen-
dent poor prognostic factors. CONCLUSION: An operative approach with wide or marginal
margins improves local control and OS. If the surgical margin is intralesional or excision is
impossible, additional radiotherapy has a positive influence on prognosis.

Cartiaux O, et al. Surgical inaccuracy of tumor resection and reconstruction within the pelvis:
an experimental study. Acta Orthop. 2008;79(5):695-702. BACKGROUND AND PURPOSE:
Osseous pelvic tumors can be resected and reconstructed using massive bone allografts.
Geometric accuracy of the conventional surgical procedure has not yet been documented. The
aim of this experimental study was mainly to assess accuracy of tumoral resection with a
10-mm surgical margin, and also to evaluate the geometry of the host-graft reconstruction.
METHODS: An experimental model on plastic pelvises was designed to simulate tumor resec-
tion and reconstruction. 4 experienced surgeons were asked to resect 3 different tumors and to
reconstruct pelvises. 24 resections and host-graft junctions were available for evaluation.
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Resection margins were measured. Several methods were created to evaluate geometric prop-
erties of the host-graft junction. RESULTS: The probability of a surgeon obtaining a 10-mm
surgical margin with a 5-mm tolerance above or below, was 52% (95% CI: 37-67). Maximal
gap, gap volume, and mean gap between host and graft was 3.3 (SD 1.9) mm, 2.7 (SD 2.1) cm3
and 3.2 (SD 2.1) mm, respectively. Correlation between these 3 reconstruction measures and
the degree of contact at the host-graft junction was poor. INTERPRETATION: 4 experienced
surgeons did not manage to consistently respect a fixed surgical margin under ideal working
conditions. The complex 3-dimensional architecture of the pelvis would mainly explain this
inaccuracy. Solutions to this might be to increase the surgical margin or to use computer- and
robotic-assisted technologies in pelvic tumor resection. Furthermore, our attempt to evaluate
geometry of the pelvic reconstruction using simple parameters was not satisfactory. We believe
that there is a need to define new standards of evaluation.

31. Docquier PL, et al. Computer-assisted resection and reconstruction of pelvic tumor sarcoma.
Sarcoma. 2010;2010:125162. Pelvic sarcoma is associated with a relatively poor prognosis,
due to the difficulty in obtaining an adequate surgical margin given the complex pelvic anat-
omy. Magnetic resonance imaging and computerized tomography allow valuable surgical
resection planning, but intraoperative localization remains hazardous. Surgical navigation sys-
tems could be of great benefit in surgical oncology, especially in difficult tumor location;
however, no commercial surgical oncology software is currently available. A customized navi-
gation software was developed and used to perform a synovial sarcoma resection and allograft
reconstruction. The software permitted preoperative planning with defined target planes and
intraoperative navigation with a free-hand saw blade. The allograft was cut according to the
same planes. Histological examination revealed tumor-free resection margins. Allograft fitting
to the pelvis of the patient was excellent and allowed stable osteosynthesis. We believe this to
be the first case of combined computer-assisted tumor resection and reconstruction with an
allograft.

32. Kojima T, et al. The usefulness and limits of magnetic resonance imaging in the differential
diagnosis of pelvic tumors. Oncol Rep. 2001;8(4):867-9. Three cases of benign pelvic tumors
are presented (2 leiomyomas and 1 fibroma). All three tumors were suspected of being malig-
nant neoplasms because they were visualized as heterogeneous high signal intensity on
T2-weighted images, and thus they were difficult to diagnose preoperatively. One of the leio-
myomas was located in the retroperitoneum and had been misdiagnosed as an ovarian tumor.
All three tumors exhibited secondary myxoid changes, these changes may have been respon-
sible for the high signal intensity on the T2-weighted MR images. Since benign tumors some-
times mimic malignant tumors on MR images, exploratory laparotomy is essential to make a
definitive diagnosis.

33. Berlemann U, et al. [Computer-assisted orthopedic surgery. From pedicle screw insertion to
further applications]. Orthopade. 1997;26(5):463-9. Computer assisted orthopaedic surgery is
a new but rapidly evolving field. Based on previous research and development in the area of
stereotactic neuronavigation a few groups have adapted these technologies for the image inter-
active insertion of pedicle screws. The present paper summarizes past and current work in the
field of computer assisted orthopaedic surgery and describes the state of the art of research and
future innovations, particularly in in vivo applications.

34. Delp SL, et al. Computer assisted knee replacement. Clin Orthop Relat Res. 1998;(354):49—
56. Accurate alignment of knee implants is essential for the success of total knee replace-
ment. Although mechanical alignment guides have been designed to improve alignment
accuracy, there are several fundamental limitations of this technology that will inhibit addi-
tional improvements. Various computer assisted techniques have been developed to examine
the potential to install knee implants more accurately and consistently than can be done with
mechanical guides. For example, computer integrated instrumentation incorporates highly
accurate measurement devices to locate joint centers, track surgical tools, and align pros-
thetic components. Image guided knee replacement provides a three-dimensional preopera-
tive plan that guides the placement of the cutting blocks and prosthetic components. Robot
assisted knee replacement allows one to machine bones accurately without the use of stan-
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dard cutting blocks. The rationale for the development of computer assisted knee replace-
ment systems is presented, the operation of several different systems is described, the
advantages and disadvantages of different approaches are discussed, and areas for future
research are suggested.

Jaramaz B, et al. Computer assisted measurement of cup placement in total hip replacement.
Clin Orthop Relat Res. 1998;(354):70-81. The introduction of image guided systems in total
hip replacement surgery provides the ability to plan precisely the alignment of the acetabular
cup before surgery, and to perform the surgery according to the preoperative plan. Preoperative
planners (interactive computer programs for surgical planning) based on three-dimensional
medical images allow planning of optimal placement of implant components based on simu-
lated implant performance. Exact measurement of the cup position during surgery allows pre-
cise placement of the cup and accurate measurement of the final position of the cup relative to
the pelvis. This measurement is used to evaluate the radiographic techniques for postoperative
measurement of cup alignment. Malposition of the acetabular component increases the occur-
rence of impingement, reduces the safe range of motion, and increases the risk of dislocation
and wear. Dislocation of the implant after total hip replacement remains a significant clinical
problem. Not fully understanding the interaction between pelvic orientation and final acetabu-
lar cup alignment may be one of the main contributing factors in the continued significant
incidence of dislocations after total hip replacement. In this study an attempt was made to link
the preoperative planning, intraoperative placement, and postoperative measurement of cup
placement in total hip replacement using computer assisted techniques.

Gautier E, et al. Accuracy of computer-guided screw fixation of the sacroiliac joint. Clin
Orthop Relat Res. 2001;(393):310-7. Computer-assisted image guidance allows precise pre-
operative planning and intraoperative localization of surgical instruments. The technique
recently was validated for the insertion of pedicle screws. In the laboratory, the precision of a
surface-matching algorithm was evaluated for registration and accuracy and safety of screw
placement into the vertebral bodies of S1 and S2 for fixation of the sacroiliac joint. Using six
plastic pelves, 24 screw holes were made through the sacroiliac joint into the vertebral body of
S1, and 12 holes were made through the sacroiliac joint into S2. The accuracy of the hole posi-
tion was evaluated using a postoperative computed tomography examination. The safety factor
was assessed by analysis of the remaining bone stock around the holes calculating a theoretical
cylindrical volume being outside bone with increasing bore hole diameters. The registration
was accurate with a mean error less than 1.4 mm in the posterior parts of the pelvis. The drill-
ing followed precisely the preoperatively planned trajectories; perforation of the cortex of the
sacrum was not observed. The safety factor of the S1 vertebral body is higher than that of S2
allowing larger diameter screw insertion into S1. This technique provides a safe and precise
guide for transcutaneous or open insertion of iliosacral screws in cases of iliosacral dislocation
or sacral fracture.

Hufner T, et al. Computer-assisted fracture reduction: novel method for analysis of accuracy.
Comput Aided Surg. 2001;6(3):153-9. Anatomic reduction of displaced fractures is limited by
the chosen surgical approach and intraoperative visualization. Preoperative Computed
Tomography (CT) enhances the analysis of the fracture pattern and provides accurate spatial
relationships. Computer Assisted Surgery (CAS) was introduced to increase the accuracy of
specific surgical procedures. CAS systems can be used for implant placement or osteotomies
in intact bone or reduced situations prior to obtaining the CT data, as differentiation into dif-
ferent datasets related to specific fragments is not yet possible. We present a model that allows
“virtual” controlled reduction, providing computer assistance during the fracture reduction.
Prior to clinical application, the accuracy of the process of virtual reduction must be proven in
an experimental setting. An in vitro fracture model with two body fragments and a motion
tracking system for three-dimensional (3D) control (accuracy 0.1 mm and 0.1 degrees ) was
used. Two methods were employed: direct visualization and reduction by the examiner, and
“virtual” reduction, performed solely with the use of a computer image, in which the examiner
lacks any direct visualization of the fragments. The results of this very simplified “fracture”
model indicate that the overall difference between direct and virtual controlled reduction was
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very small. A significant difference of 0.3 mm (0-1.8 mm) was seen for the residual displace-
ment represented by the Euclidean distance (p < 0.01), whereas the difference in the residual
angulation was not significant (p > 0.05). The methods tested revealed that virtual controlled
reduction is nearly as accurate as direct visualization. Reduction control utilizing a motion
tracker system reveals accurate 3D information in this simplified reduction setup, and is now
used as a standard setup for analyzing realistic fracture models.

38. Zura RD, Kahler DM. A transverse acetabular nonunion treated with computer-assisted percu-
taneous internal fixation. A case report. J Bone Joint Surg Am. 2000;82(2):219-24.

39. Ritacco LE, et al. Accuracy of 3-D planning and navigation in bone tumor resection.
Orthopedics. 2013;36(7):e942-50. Surgical precision in oncologic surgery is essential to
achieve adequate margins in bone tumor resections. Three-dimensional preoperative planning
and bone tumor resection by navigation have been introduced to orthopedic oncology in recent
years. However, the accuracy of preoperative planning and navigation is unclear. The purpose
of this study was to evaluate the accuracy of preoperative planning and the navigation system.
A total of 28 patients were evaluated between May 2010 and February 2011. Tumor locations
were the femur (n=17), pelvis (n=6), sacrum (n=2), tibia (n=2), and humerus (n=1). All resec-
tions were planned in a virtual scenario using computed tomography and magnetic resonance
imaging fusion. A total of 61 planes or osteotomies were performed to resect the tumors.
Postoperatively, computed tomography scans were obtained for all surgical specimens, and the
specimens were 3-dimensionally reconstructed from the scans. Differences were determined
by finding the distances between the osteotomies virtually programmed and those performed.
The global mean of the quantitative comparisons between the osteotomies programmed and
those obtained through the resected specimen was 2.52+/-2.32 mm for all patients. Differences
between osteotomies virtually programmed and those achieved by navigation intraoperatively
were minimal.

40. Ritacco LE, et al. Bone tumor resection: analysis about 3D preoperative planning and naviga-
tion method using a virtual specimen. Stud Health Technol Inform. 2013;192:1162. The use of
three-dimensional preoperative planning and bone tumor resection guided by navigation has
increased in the last ten years. However, no study to date, as far as we know, has directly pro-
vided evidence of accuracy of this method. The objective of this study was to describe a
method capable of determining the accuracy of osteotomies performed for tumor resection
planned and guided by navigation. We hypothesize that matching the 3D reconstructed surgi-
cal specimen is an acceptable method to determine the accuracy of virtual planning and navi-
gation. A total of seven patients and 14 osteotomies were evaluated. After surgery, all surgical
specimens were 3D reconstructed from CT images. The mean of quantitative comparisons
between osteotomies planned and osteotomies obtained through the resected specimen was in
a global mean of 1.56 millimeters (SD: 2.91) for all the cases. Based on our observations, a
three-dimensional model obtained from the tumor surgical specimen is a useful tool to deter-
mine accuracy of 3D planning and surgical navigation.

41. Jones BC, et al. Synovial sarcoma: MR imaging findings in 34 patients. AJR Am J Roentgenol.
1993;161(4):827-30. OBJECTIVE: MR imaging is considered the procedure of choice for
detecting and staging soft-tissue tumors. Its ability to show differences between benign and
malignant soft-tissue tumors and its usefulness in suggesting a specific histologic diagnosis
remain controversial. We studied the MR features of synovial sarcoma in 34 patients to deter-
mine if these tumors have specific MR findings that can be used to suggest the diagnosis.
MATERIALS AND METHODS: MR imaging studies of 34 patients with synovial sarcoma
were collected from two institutions and studied to determine the following characteristics of
the tumor: size, shape, location, signal intensity and homogeneity, margin definition, presence
of hemorrhage, and relationships to adjacent structures. These findings were then correlated
with pathologic findings. RESULTS: The tumors tended to be deep, large (85% were > or =
5 cm in diameter), and located in the extremities with epicenters close to joints (63% within
7 cm of a joint). The lesions were usually inhomogeneous on T2-weighted images (82%) and
clearly delineated from surrounding tissues (91%). Forty-four percent had high signal consis-
tent with hemorrhage on both T1- and T2-weighted images. Fluid-fluid levels, best visualized
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on T2-weighted images, were present in 18% of patients. Thirty-five percent of the lesions had
areas that were hyper-, iso-, and hypointense relative to fat on T2-weighted images, constituting
a triple signal intensity. The tumors frequently involved adjacent bone, with 71% invading,
eroding, or touching bone. No association of pathologic subtypes with specific imaging find-
ings was noted. CONCLUSION: Our results show a spectrum of MR imaging findings in
synovial sarcoma. Nevertheless, the results suggest that synovial sarcoma should be consid-
ered when MR images show a relatively well-defined but inhomogeneous hemorrhagic lesion
near a joint and in contact with bone. Fluid-fluid levels and areas hyper-, hypo-, and isointense
relative to fat (triple signal) on T2-weighted sequences support the diagnosis.

Takao M, et al. Application of a CT-3D fluoroscopy matching navigation system to the pelvic
and femoral regions. Comput Aided Surg. 2012;17(2):69-76. OBJECTIVE: The aim of this
study was to find the proper location of the fluoroscopic imaging center in order to apply a
CT-based 3D fluoroscopy matching navigation system in the pelvic and femoral regions.
MATERIALS AND METHODS: To simulate surgeries around the hip joint, a dry human
pelvis and femur were used. A total of 16 fiducial markers, each consisting of a metal ball
1.5 mm in diameter, were fixed to the pelvis and femur. For the pelvis, the pubic symphysis,
the acetabular fossa, and a site on the ilium 3 ¢cm above the acetabular roof were selected as
fluoroscopic imaging centers. For the proximal femur, the base of the femoral neck, the femo-
ral shaft at the level of the lesser trochanter, and the inferior border of the great trochanter were
selected as fluoroscopic imaging centers. RESULTS: Target registration error (TRE) differed
significantly among the selected fluoroscopic imaging centers. The best mean TRE for the
pelvis was 0.8 mm (range: 0.2 to 1.6 mm) with the imaging center on the ilium (3 cm above
the acetabular roof). The best mean TRE for the proximal femur was 1.1 mm (range: 0.2 to 2.0
mm) with the imaging center on the femoral shaft at the lesser trochanter level. CONCLUSION:
Fluoroscopic imaging center location had a significant effect on the accuracy of the CT-based
3D fluoroscopy matching navigation system in the pelvic and femoral regions. The proper
fluoroscopic imaging centers for CT-3D fluoroscopic matching were, for the pelvis, a site on
the ilium 3 cm above the acetabular roof, and for the proximal femur, the femoral shaft at the
level of the lesser trochanter.

Lionberger R. The attraction of electromagnetic computer-assisted navigation in orthopaedic
surgery. In: Stiehl JB, Konermann W, Hacker R, editors. Navigation and MIS in orthopaedic
surgery. Heidelberg: Springer; 2006. p. 44-53.

Frantz DD, et al. Accuracy assessment protocols for electromagnetic tracking systems. Phys
Med Biol. 2003;48(14):2241-51. Electromagnetic tracking systems have found increasing use
in medical applications during the last few years. As with most non-trivial spatial measurement
systems, the complex determination of positions and orientations from their underlying raw
sensor measurements results in complicated, non-uniform error distributions over the specified
measurement volume. This makes it difficult to unambiguously determine accuracy and per-
formance assessments that allow users to judge the suitability of these systems for their par-
ticular needs. Various assessment protocols generally emphasize different measurement
aspects that typically arise in clinical use. This can easily lead to inconclusive or even contra-
dictory conclusions. We examine some of the major issues involved and discuss three useful
calibration protocols. The measurement accuracy of a system can be described in terms of its
‘trueness’ and its ‘precision’. Often, the two are strongly coupled and cannot be easily deter-
mined independently. We present a method that allows the two to be disentangled, so that the
resultant trueness properly represents the systematic, non-reducible part of the measurement
error, and the resultant precision (or repeatability) represents only the statistical, reducible
part. Although the discussion is given largely within the context of electromagnetic tracking
systems, many of the results are applicable to measurement systems in general.

Khadem R, et al. Comparative tracking error analysis of five different optical tracking systems.
Comput Aided Surg. 2000;5(2):98-107. OBJECTIVE: Effective utilization of an optical track-
ing system for image-based surgical guidance requires optimal placement of the dynamic ref-
erence frame (DRF) with respect to the tracking camera. Unlike other studies that measure the
overall accuracy of a particular navigation system, this study investigates the precision of one
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component of the navigation system: the optical tracking system (OTS). The precision of OTS
measurements is quantified as jitter. By measuring jitter, one can better understand how system
inaccuracies depend on the position of the DRF with respect to the camera. MATERIALS
AND METHODS: Both FlashPointtrade mark (Image Guided Technologies, Inc., Boulder,
Colorado) and Polaristrade mark (Northern Digital Inc., Ontario, Canada) optical tracking
systems were tested in five different camera and DRF configurations. A linear testing apparatus
with a software interface was designed to facilitate data collection. Jitter measurements were
collected over a single quadrant within the camera viewing volume, as symmetry was assumed
about the horizontal and vertical axes. RESULTS: Excluding the highest 5% of jitter, the
FlashPoint cameras had an RMS jitter range of 0.028 +/- 0.012 mm for the 300 mm model,
0.051 +/- 0.038 mm for the 580 mm model, and 0.059 +/- 0.047 mm for the 1 m model. The
Polaris camera had an RMS jitter range of 0.058 +/- 0.037 mm with an active DRF and 0.115
+/- 0.075 mm with a passive DRF. CONCLUSION: Both FlashPoint and Polaris have jitter
less than 0.11 mm, although the error distributions differ significantly. Total jitter for all sys-
tems is dominated by the component measured in the axis directed away from the camera.
Milne AD, et al. Accuracy of an electromagnetic tracking device: a study of the optimal range
and metal interference. J Biomech. 1996;29(6):791-3. The positional and rotational accuracy
of a direct-current magnetic tracking device commonly used in biomechanical investigations
was evaluated. The effect of different metals was also studied to determine the possibility of
interference induced by experimental test fixtures or orthopaedic implants within the working
field. Positional and rotational data were evaluated for accuracy and resolution by comparing
the device output to known motions as derived from a calibrated grid board or materials test-
ing machine. The effect of different metals was evaluated by placing cylindrical metal sam-
ples at set locations throughout the working field and comparing the device readings before
and after introducing each metal sample. Positional testing revealed an optimal operational
range with the transmitter and receiver separation between 22.5 and 64.0 cm. Within this
range the mean positional error was found to be 1.8 percent of the step size, and resolution
was determined to be 0.25 mm. The mean rotational error over a 1-20 degree range was found
to be 1.6% of the rotational increment with a rotational resolution of 0.1 degrees. Of the metal
alloys tested only mild steel produced significant interference, which was maximum when
the sample was placed adjacent to the receiver. At this location the mild steel induced a posi-
tional difference of 5.26 cm and an angular difference of 9.75 degrees. The device was found
to be insensitive to commonly used orthopaedic alloys. In this study, the electromagnetic
tracking device was found to have positional and rotational errors of less than 2 percent, when
utilized within its optimal operating range. This accuracy combined with its insensitivity to
orthopaedic alloys should make it suitable for a variety of musculoskeletal research
investigations.

Stiehl JB, et al. Accuracy of acetabular component positioning with a fluoroscopically refer-
enced CAOS system. Comput Aided Surg. 2005;10(5-6):321-7. OBJECTIVE: This study
evaluated the accuracy, repeatability, and reproducibility of a fluoroscopic referenced system
used for guiding acetabular component positioning. METHODS: Calibration of the Medtronic
StealthStation Treon Plus system was performed using a Weber gage block to assess linearity.
Metrologic validation of repeatability and reproducibility was done using a cadaveric pelvis
with an uncemented cup placed in the target position of 45 degrees inclination and 17.5 degrees
anteversion. A baseline assessment was done with a National Institute of Standards and
Technology (NIST) traceable coordinate measuring machine (CMM). RESULTS: Weber gage
block analysis revealed a mean bias of 0.69 mm. For the cadaveric pelvis, the anterior pelvic
plane was determined using the bilateral anterior superior iliac spines with the symphysis
pubis as the inferior landmark. The mean CMM measurement was inclination of 46.023
degrees (SD=1.075; range: 43.318-46.844 degrees) and anteversion of 15.787 degrees
(SD=0.411; range: 15.068-16.384 degrees). One surgeon performed a repeatability assessment
(n=8), finding mean inclination of 42.8 degrees (SD=1.5; range: 39.5-44.5 degrees) and ante-
version of 17.5 degrees (SD=3.0; range: 14.5-22.5 degrees). Three surgeons performed a
reproducibility assessment (n=24), finding mean overall inclination of 48.5 degrees (SD=0.9;
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range: 46-50 degrees) and anteversion of 17.8 degrees (SD=2.5; range: 13.5-23.5 degrees). All
measurements were within a predefined acceptability range of+/-5 degrees. DISCUSSION:
The accuracy and reproducibility of the fluoroscopic referencing method was found to be suit-
able for determination of cup position in the surgical setting. Anteversion measurements were
more variable for the fluoroscopic method and this may be related to the difficulty for the
surgeon in predictably picking the anatomical points from the fluoroscopic image.

Lembeck B, et al. Pelvic tilt makes acetabular cup navigation inaccurate. Acta Orthop.
2005;76(4):517-23. BACKGROUND: Modern navigation techniques allow precise position-
ing of the acetabular cup relative to the anterior pelvic plane. Variations in pelvic tilt will affect
the resulting spatial orientation of the cup. METHODS: We measured pelvic tilt in 30 volun-
teers with an inclinometer combined with an ultrasonographic position measurement system.
A mathematical algorithm was developed to calculate the resulting cup position measured on
standard radiographs, depending on pelvic tilt. RESULTS: Average pelvic tilt at rest was -4
degrees in the lying position and -8 degrees in the standing position, and ranged from -27
degrees to +3 degrees. Pelvic reclination of 1 degree will lead to functional anteversion of the
cup of approximately 0.7 degree. INTERPRETATION: Pelvic tilt makes navigation systems
referring to the anterior plane inaccurate.

Thaler M, et al. Accuracy of an image-guided navigation system for pelvic surgery based on a
multimodality registration object: a cadaver study. Am J Orthop (Belle Mead NI).
2010;39(8):382-5. Accurate registration of external landmarks is often required for computer-
aided surgery. In the study reported here, we investigated the influence of a new externally
fixated multimodality registration object (MRO) on the accuracy of an image-guided naviga-
tion system in a human cadaver pelvis. With the MRO placed on the ipsilateral anterior supe-
rior iliac spine (ASIS), 14 of 17 target points showed a mean deviation (1.1 mm) that was
significantly lower than that registered with the MRO on the contralateral ASIS (2.5 mm). In
addition, the distance of target points from the MRO and the deviation of target points were
highly correlated. This MRO provides a feasible means for achieving improved registration in
computer-aided surgery of the pelvis.

Van Hellemondt G, et al. Computer-assisted pelvic surgery: an in vitro study of two registra-
tion protocols. Clin Orthop Relat Res. 2002;(405):287-93. An in vitro study was done to test
the accuracy and functionality of computer-assisted surgery in pelvic orthopaedic surgery. The
study was done on two fresh hips from one cadaver. In each hip, 10 titanium marker screws
were inserted through standard pelvic osteotomy incisions. After a computed tomography scan
was obtained the data were introduced into the navigation system. For the accuracy measure-
ments the location of the center of the spherical heads of the marker screws was determined
relative to a reference base attached to the pelvis using a special pointer that corresponded to
the spherical head of the screws. A randomized trial was done with two surgeons to test the
accuracy of two different anatomy-based registration protocols. The deviation between the
virtual position of the marker screws in the pelvis, calculated by the computer after each anat-
omy based registration, and the real position were compared for each registration. Accuracy is
not only related to the distance of the computed tomography slices and the necessary computed
tomography field of view but also depends on the location of the point on the pelvis.
Sternheim A, et al. Navigated pelvic osteotomy and tumor resection: a study assessing the accu-
racy and reproducibility of resection planes in Sawbones and cadavers. ] Bone Joint Surg Am.
2015;97(1):40-6. BACKGROUND: This Sawbones and cadaver study was performed to assess
the accuracy and reproducibility of pelvic bone cuts made with use of a novel navigation system
with a navigated osteotome and oscillating saw. METHODS: Using a novel navigation system
and a three-dimensional planning tool, we navigated pelvic bone cuts that were representative
of typical cuts made in pelvic tumor resections. The system includes a prototype mobile C-arm
for intraoperative cone-beam computed tomography, real-time optical tracking (Polaris), and
three-dimensional visualization software. Three-dimensional virtual radiographs were utilized
in addition to triplanar (axial, sagittal, and coronal) navigation. In part one of the study, we navi-
gated twenty-four sacral bone cuts in Sawbones models and validated our results in sixteen simi-
lar cuts in cadavers. In part two, we developed three Sawbones models of pelvic tumors based
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on actual patient scenarios and compared three navigated resections with three non-navigated
resections for each tumor model. Part three assessed the accuracy of the system with multiple
users. RESULTS: There were ninety navigated cuts in Sawbones that were compared with fifty-
four non-navigated cuts. In the navigated Sawbones cuts, the mean entry and exit cuts were 1.4
+/- 1 mm and 1.9 +/- 1.2 mm from the planned cuts, respectively. In comparison, the entry and
exit cuts in Sawbones that were not navigated were 2.8 +/- 4.9 mm and 3.5 +/- 4.6 mm away
from the planned osteotomy site. The navigated cuts were significantly more accurate (p </=
0.01). In the cadaver study, navigated entry and exit cuts were 1.5 +/- 0.9 mm and 2.1 +/- 1.5 mm
from the planned cuts. The variation among three different users was 1 mm on both the entry
and exit cuts. CONCLUSIONS: Navigation to guide pelvic bone cuts is accurate and feasible.
Three-dimensional radiographs should be used for improved accuracy. Navigated cuts were
significantly more accurate than non-navigated cuts were. A margin of 5 mm between the target
tumor volume and the planned cut plane would result in a negative margin resection in more
than 95% of the cuts. CLINICAL RELEVANCE: The accuracy of pelvic bone tumor resections
and pelvic osteotomies can be improved with navigation to within 5 mm of the planned cut.

52. Cho HS, et al. Direct application of MR images to computer-assisted bone tumor surgery.
J Orthop Sci. 2011;16(2):190-5. BACKGROUND: We describe a method for the direct appli-
cation of MR images to navigation-assisted bone tumor surgery as an alternative to CT-MRI
fusion. METHOD: Six patients with an orthopedic malignancy were employed for this method
during navigation-assisted tumor resection. Tumor types included osteosarcoma (4), high-
grade chondrosarcoma (1), and adamantinoma (1). Mean patient age was 25.3 years (range
18-52 years). Mean duration of follow-up was 25.8 months (range 18-32 months). Resorbable
pin placement and rapid 3-dimensional spoiled gradient echo sequences made the direct appli-
cation of MR images to computer-assisted bone tumor surgery without CT-MR image fusion
possible. A paired-point registration technique was employed for patient-image registration in
all patients. RESULTS: It took 20 min on average to set up the navigation (range 15-25 min).
The mean registration error was 0.98 mm (range 0.4-1.7 mm). On histologic examination,
distances from tumors to resection margins were in accord with preoperative plans. No patient
had a local recurrence or distant metastasis at the last follow-up. CONCLUSION: Direct
patient-to-MRI registration is a very useful method for bone tumor surgery, permitting the
application of MR images to intraoperative visualization without any additional costs or expo-
sure of the patient to radiation from the preoperative CT scan.

53. Pappas IP, et al. New method to assess the registration of CT-MR images of the head. Injury.
2004;35 Suppl 1:S-A105-112. Due to their complementary information content, both x-ray
computed tomography (CT) and magnetic resonance (MR) imaging are employed in certain
clinical cases to improve the understanding of pathology involved. o spatially relate the two
datasets, image registration and image fusion are employed. However, registration errors,
either global or local, are common and are nonuniform within the image volume. In this paper,
we propose a new algorithm that assesses the quality of the registration locally within the
CT-MR volume and provides visual, color-coded feedback to the user about the location and
extent of good and bad correspondence between the two images. The proposed registration
assessment algorithm is based on a correspondence analysis of bone structures in the CT and
MR images. For that purpose, a custom segmentation algorithm for bone in MR images has
been developed that is based on a stochastic threshold computation method. This segmentation
method for MR images and the CT-MR registration assessment algorithm were validated on
simulated MR datasets and real CT-MR image pairs of the head. Some partial-volume effects
occur at the borders of the bone structures and at the bone interfaces with air, which cannot be
separated from bone in the MR image. The presented assessment method of CT-MR image
registration offers the user a new tool to evaluate the overall and local quality of the registra-
tion. With this information, the user does not have to blindly trust the fused CT-MR datasets
but can easily identify areas of inaccurate correspondence. The application of the algorithm is
so far limited to T1-weighted MR and CT images of the head area.

54. Amiot LP, Poulin F. Computed tomography-based navigation for hip, knee, and spine surgery.
Clin Orthop Relat Res. 2004;(421):77-86. A review of CT-based orthopaedic navigation is
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presented with a specific emphasis on arthroplasty for the hip and the knee. Fundamental
issues about the laboratory and clinical validation of the applications are addressed. The ability
to compute the position and orientation of an acetabular implant using a postoperative CT scan
was investigated. Angle deviations relative to known positions were computed with an error of
less than 1 degree. Then, the system accuracy for three-dimensional reconstruction and regis-
tration of two cadaveric pelvis specimens was measured with more than 350 registrations. We
observed a maximal inclination error of 5 degrees in 99% of cases and a maximal anteversion
error of 5 degrees in 97% of cases. The accuracy of the three-dimensional reconstruction and
registration for knee arthroplasty also was measured and computed with an angular accuracy
of 0.5 degrees in the AP plane and accuracy of 3 degrees in the lateral plane. A clinical study
then was done in 109 cases where 96% of implants were installed with a hip-knee-ankle angle
of 180 +/- 3 degrees . Computed tomography-based navigation for orthopaedic surgery pro-
vides greater accuracy and reproducibility than conventional surgery. As noted by learning
curves, software improvements are needed to bring it into daily clinical routine.

Docquier PL, et al. Registration accuracy in computer-assisted pelvic surgery. Comput Aided
Surg. 2009;14(1-3):37-44. INTRODUCTION: An in vitro study was performed to assess the
global registration accuracy of a computer-assisted system in pelvic orthopaedic surgery. The
system was applied to a putative tumor resection in a pelvic sawbone. METHODS: Twenty
landmarks were created on the surface of the pelvis, and a virtual model of the sawbone was
constructed based on surface extraction from computed tomography. The coordinates of the
landmarks were defined in the CT-scan coordinate system, and registration of the sawbone
with the virtual model was achieved using a surface-based matching algorithm. The landmarks
were considered as control points, and deviations between their physical locations and their
locations in the virtual model were calculated, thereby quantifying the global accuracy error.
RESULTS: The location of the initialization points was unimportant. The dynamic reference
base gave the best results when placed far from the working area. Accuracy was improved
when the sampling area was increased, but was decreased by its excessive expansion.
CONCLUSIONS: It is recommended that the DRB be located on the contralateral side of the
pelvis. Extending the approach posteriorly and including the entire working area in the sam-
pling surface area, if possible, will also help increase accuracy in computer-assisted pelvic
surgery.

Mayr E, et al. The effect of fixation and location on the stability of the markers in navigated
total hip arthroplasty: a cadaver study. J Bone Joint Surg Br. 2006;88(2):168-72. In navigated
total hip arthroplasty, the pelvis and the femur are tracked by means of rigid bodies fixed
directly to the bones. Exact tracking throughout the procedure requires that the connection
between the marker and bone remains stable in terms of translation and rotation. We carried
out a cadaver study to compare the intra-operative stability of markers consisting of an anchor-
ing screw with a rotational stabiliser and of pairs of pins and wires of different diameters con-
nected with clamps. These devices were tested at different locations in the femur. Three human
cadavers were placed supine on an operating table, with a reference marker positioned in the
area of the greater trochanter. K-wires (3.2 mm), Steinman pins (3 and 4 mm), Apex pins (3
and 4 mm), and a standard screw were used as fixation devices. They were positioned medially
in the proximal third of the femur, ventrally in the middle third and laterally in the distal por-
tion. In six different positions of the leg, the spatial positions were recorded with a navigation
system. Compared with the standard single screw, with the exception of the 3 mm Apex pins,
the two-pin systems were associated with less movement of the marker and could be inserted
less invasively. With the knee flexed to 90 degrees and the dislocated hip rotated externally
until the lower leg was parallel to the table (figure-four position), all the anchoring devices
showed substantial deflection of 1.5 degrees to 2.5 degrees . The most secure area for anchor-
ing markers was the lateral aspect of the femur.

Wiles AD, Thompson D, Frantz DD. Accuracy assessment and interpretation for optical track-
ing systems. Med Imaging. 2004;5367:1-12.

Oszwald M, et al. Accuracy of navigated surgery of the pelvis after surface matching with an
a-mode ultrasound probe. J Orthop Res. 2008;26(6):860—4. Computer-aided surgery (CAS)
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allows for real-time intraoperative feedback resulting in increased accuracy, while reducing
intraoperative radiation. CAS is especially useful for the treatment of certain pelvic ring
fractures, which necessitate the precise placement of screws. Flouroscopy-based CAS mod-
ules have been developed for many orthopedic applications. The integration of the isocentric
flouroscope even enables navigation using intraoperatively acquired three-dimensional (3D)
data, though the scan volume and imaging quality are limited. Complicated and comprehen-
sive pathologies in regions like the pelvis can necessitate a CT-based navigation system
because of its larger field of view. To be accurate, the patient’s anatomy must be registered
and matched with the virtual object (CT data). The actual precision within the region of inter-
est depends on the area of the bone where surface matching is performed. Conventional sur-
face matching with a solid pointer requires extensive soft tissue dissection. This contradicts
the primary purpose of CAS as a minimally invasive alternative to conventional surgical
techniques. We therefore integrated an a-mode ultrasound pointer into the process of surface
matching for pelvic surgery and compared it to the conventional method. Accuracy measure-
ments were made in two pelvic models: a foam model submerged in water and one with
attached porcine muscle tissue. Three different tissue depths were selected based on CT
scans of 30 human pelves. The ultrasound pointer allowed for registration of virtually any
point on the pelvis. This method of surface matching could be successfully integrated into
CAS of the pelvis.

59. Arand M, et al. [Sources of error and risks in CT based navigation]. Orthopade. 2002;31(4):378—
84. Based on the experience of 4 cervical, 102 thoracic/lumbar pedicle screw and 14 transilio-
sacral screw implantations all problems and complications were collected. Problems noted
within the data collection in the preoperative CT were an incomplete acquisition of the surgical
target (n = 3), an exceeding of the processable scan slices (n = 1) and a non focused field of
view. Transmission of the CT datas often were documented as incomplete (n = 16).
Segmentation of the CT dataset turned out to be the significant problem with incorrect differ-
entiation of the bone-soft tissue transition (n = 2), where as the choice of the matching points
and the trajectories did not provoke any mistakes in the planning modus. The intraoperative
matching of both corresponding datasets was insufficient (n = 7), while the assignment of the
CT dataset to the correct vertebral was not a major problem (n = 1). Navigation was not pos-
sible (n = 2) due to an instability of the spinal process. All fiducial based matching procedures
(pelvis) were carried out without any problems. During intraoperative navigation potential
complications resulted from deformation of instruments (n = 1) and interaction of instruments
and the data reference base (n = 2). Further, the CT-based navigation of fractured vertebrae or
unstable iliosacral joints is not safe, because dislocations between acquisition of the dataset
and operation will lead to misguidance.

60. Sakai Y, et al. Simultaneous registration with ct-fluoro matching for spinal navigation surgery.
A case report. Nagoya J Med Sci. 2006;68(1-2):45-52. Computer-assisted surgery, which pro-
vides simultaneous, multiplanar images of bone structures, has become widely used. However,
registration maneuvering remains time consuming. The objective of this paper is to document
the usefulness of CT-fluoro matching for spinal navigation. A spinal navigation system
(VECTORVISION compact; Brain LAB, Germany) and a digital imaging system (OEC9800;
CATHEX, Tokyo, Japan) were used for CT-fluoro matching in cases of L4/5 and L5/S1 poste-
rior lumbar interbody fusion. A reference array was attached to the L4 spinous process.
Preoperative CT images and intraoperative fluoro-shots including L4, L5, and S1 were super-
imposed on the navigation monitor. Following insertion of L4 screws, a reference array
remained to be attached to the L4 spinous process, after which a level definition and pre-
registration of L5 and S1 vertebrae were performed and the screwing procedure of L5 and S1
was completed without additional fluro-shots. Registration of three vertebrae was completed
without paired-point or surface-matching procedures. The calculation time for the registration
in a single vertebra was 30 sec. All pedicle screws were seen to be successfully inserted on
postoperative CT images. We performed the navigation surgery by matching the preoperative
CT images to the intraoperative fluoro-shots without manual registration. This technique may
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prove useful in the future for anterior spinal surgery and percutaneous screwing without the
need for total exposure of the bone surface.

Stockle U, et al. Image guidance in pelvic and acetabular surgery—expectations, success and
limitations. Injury. 2007;38(4):450-62. During the last decade navigation techniques in pelvic
and acetabular surgery have been described. Nowadays, available techniques include CT-based
navigation, 2D C-arm navigation and 3D C-arm navigation. The main indication is the navi-
gated percutaneous SI screw fixation, but acetabular screw fixations are also reported. In this
article, based upon a literature review and our own clinical experiences, the indications for and
limitations of navigated techniques in pelvic and acetabular surgery are described.

Bachler R, et al. Restricted surface matching—numerical optimization and technical evaluation.
Comput Aided Surg. 2001;6(3):143-52. Accurate and reliable registration is one of the most
important issues in computer-aided surgery, as small errors may have a large influence on the
overall accuracy of the system. The restricted surface-matching algorithm (RSM), initially
developed for periacetabular osteotomy surgery (PAO), has been improved to become numeri-
cally more stable and reliable. To assess the accuracy and sensitivity of registration, a frame-
work is presented that evaluates two aspects of registration: the sensitivity and raw performance
of the registration algorithm are tested in a stand-alone environment, and the integration into a
CAS system is analyzed by evaluating the accuracy of the complete system. For the latter tests,
spherical-headed titanium screws used as fiducial landmarks provide a reference transformation
for the registration. This framework was used to analyze the performance of RSM for PAO
surgery. The sensitivity analysis showed the algorithm to be insensitive to noise up to a magni-
tude of 3 mm. Both the sensitivity analysis and simulated surgical environment tests showed
that an accuracy can be attained of better than 2 mm in the region of interest, and better than
4 mm far away from the region of interest. This is sufficient for safely assisting PAO surgeries.
Wong KC, Kumta SM. Computer-assisted tumor surgery in malignant bone tumors. Clin
Orthop Relat Res. 2013;471(3):750-61. BACKGROUND: Small recent case series using
CT-based navigation suggest such approaches may aid in surgical planning and improve accu-
racy of intended resections, but the accuracy and clinical use have not been confirmed.
QUESTIONS/PURPOSES: We therefore evaluated (1) the accuracy; (2) recurrences; and (3)
function in patients treated by computer-assisted tumor surgery (CATS). METHODS: From
2006 to 2009, we performed CATS in 20 patients with 21 malignant tumors. The mean age was
31 years (range, 6-80 years). CT and MR images for 18 cases were fused using the navigation
software. Reconstructed two-dimensional/three-dimensional images were used to plan the
bone resection. The achieved bone resection was compared with the planned one by assessing
margins, dimensions at the level of bone resection, or fitting of CAD custom prostheses.
Function was assessed with the Musculoskeletal Tumor Society (MSTS) score. The minimum
followup was 31 months (mean, 39 months; range, 5-69 months). RESULTS: Histological
examination of all resected specimens showed a clear tumor margin. The achieved bone resec-
tion matched the planned with a difference of </= 2 mm. The achieved positions of custom
prostheses were comparable to the planned positions when merging postoperative with preop-
erative CT images in five cases. Three of the four patients with local recurrence had tumors at
the sacral region. The mean MSTS score was 28 (range, 23-30). CONCLUSION: CATS with
image fusion allows accurate execution of the intended bone resection. It may be beneficial to
resection and reconstruction in pelvic, sacral tumors and more difficult joint-preserving inter-
calated tumor surgery. Comparative clinical studies with long-term followup are necessary to
confirm its efficacy. LEVEL OF EVIDENCE: Level 1V, therapeutic study. See Guidelines for
Authors for a complete description of levels of evidence.

Wong KC, Kumta SM. Joint-preserving tumor resection and reconstruction using image-
guided computer navigation. Clin Orthop Relat Res. 2013;471(3):762-73. BACKGROUND:
Joint-preserving surgery is performed in select patients with bone sarcomas of extremities and
allows patients to retain the native joint with better joint function. However, recurrences may
relate to achieving adequate margins and there is frequently little room for error in tumors
close to the joint surface. Further, the tumor margin on preoperative CT and/or MR images is
difficult to transpose to the actual extent of tumor in the bone in the operating room.
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QUESTIONS/PURPOSES: We therefore determined whether joint-preserving tumor surgery
could be performed accurately under image-guided computer navigation and determined local
recurrences, function, and complications. METHODS: We retrospectively studied eight
patients with bone sarcoma of extremities treated surgically by navigation with fused CT-MR
images. We assessed the accuracy of resection in six patients by comparing the cross sections
at the resection plane with complementary prosthesis templates. Mean age was 17 years
(range, 6-46 years). Minimum followup was 25 months (mean, 41 months; range, 25-60
months). RESULTS: The achieved resection was accurate, with a difference of 2 mm or less in
any dimension compared to that planned in patients with custom prostheses. We noted no local
recurrence at latest followup. The mean Musculoskeletal Tumor Society score was 29 (range,
28-30). There were no complications related to navigation planning and procedures. There was
no failure of fixation at the remaining epiphysis. CONCLUSIONS: In selected patients, the
computer-assisted approach facilitates precise planning and execution of joint-preserving
tumor resection and reconstruction. Further followup assessment in a larger study population
is required in these patients. LEVEL OF EVIDENCE: Level IV, therapeutic study. See
Instructions for Authors for a complete description of levels of evidence.

65. Salehi SA, Ondra SL. Use of internal fiducial markers in frameless stereotactic navigational
systems during spinal surgery: technical note. Neurosurgery. 2000;47(6):1460-2. OBJECTIVE:
The use of frameless stereotaxy has expanded the spine surgeon’s ability to perform surgical
procedures with instrumentation in areas of narrow anatomic tolerance. In many circum-
stances, however, it is difficult to register the frameless stereotactic probe using known ana-
tomic landmarks. This occurs typically because landmarks are indistinct, and congenital or
surgical defects limit the availability of anatomic fiducials. We propose an accurate and effi-
cient method for registering the frameless stereotactic probe for spinal surgery when a staged
procedure is planned. METHODS: During the first stage of a planned two-stage procedure, a
minimum of four cranial fiducial screws are implanted in the posterior element of each verte-
bra in which stereotactic registration is desired. Stage 1 is completed, and all suture closure is
performed. A computed tomographic scan formatted for the frameless stereotactic unit is
obtained postoperatively. In the second stage of surgery, registration is performed using cranial
screws as internal fiducial markers. RESULTS: Registration is performed easily and quickly
using cranial screws as internal fiducial markers. No more than four registration points are
necessary to calibrate the system to accuracy within 1.5 mm. CONCLUSION: Implantation of
fiducial markers during Stage 1 of a complex staged spinal surgery renders the frameless ste-
reotactic navigational system registration extremely fast and accurate. We advocate the tech-
nique to enhance the use of frameless navigational systems for reliable and quick registration
of the spine.

66. Hulen CA, et al. Oncologic and functional outcome following sacrectomy for sacral chor-
doma. J Bone Joint Surg Am. 2006;88(7):1532-9. BACKGROUND: Sacral chordoma is a
rare, low to intermediate-grade tumor that poses substantial challenges in terms of timely
diagnosis and adequate treatment. Few studies have examined the oncologic and functional
outcomes of patients treated for sacral chordoma. METHODS: The clinical records of sixteen
patients who had undergone sacrectomy for chordoma between 1985 and 2001 were evalu-
ated retrospectively. All patients underwent resection by means of a sequential combined
anterior and posterior approach. Patients were followed clinically at six-month intervals fol-
lowing recovery from the index surgical procedure. The disease onset, treatment, hospital
stay, recurrence rates, survival, adjuvant therapy, functional outcome measures, and compli-
cations were evaluated. RESULTS: The average age at the time of diagnosis was sixty-one
years. The mean tumor size was 15.2 cm in diameter, and all patients had a resection involv-
ing S1 or S2. The mean duration of follow-up was sixty-six months, and the tumor recurred
in twelve of the sixteen patients. The mean time to metastasis was fifty months. Four patients
were clinically disease-free at a mean follow-up of 94.5 months, while five patients died as a
result of progressive local or metastatic disease at a mean follow-up of 31.4 months. Only one
patient had normal bowel and bladder control postoperatively, and only three were able to
walk without assistive devices. Eight patients had wound complications, and one patient had
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a deep-vein thrombosis. With the numbers available, neither negative margins at the time of
initial tumor resection nor adjuvant radiation therapy had a significant impact on survival or
local recurrence. More cephalad levels of resection were associated with significantly worse
bowel (p =0.01) and bladder (p = 0.01) control. Complications were frequent and were more
common with a larger tumor size at the time of presentation (p = 0.034). CONCLUSIONS:
The treatment of sacral chordoma is an arduous clinical undertaking that requires a multidis-
ciplinary approach and attention to detail from the outset. Despite aggressive well-planned
surgical management and adherence to strict surveillance protocols, frequent recurrence and
the late onset of metastatic disease are to be expected in a substantial proportion of patients,
especially those with a very large chordoma or one at a more cephalad level. Adequate surgi-
cal treatment results in substantial functional impairment and numerous complications; how-
ever, it does offer the possibility of long-term disease-free survival. We advocate an attempt
at complete resection, when there is still a possibility of cure, and aggressive treatment of
local recurrences. LEVEL OF EVIDENCE: Therapeutic Level IV. See Instructions to Authors
for a complete description of levels of evidence.

Kendoff D, et al. Navigated Iso-C3D-based percutaneous osteoid osteoma resection: a prelimi-
nary clinical report. Comput Aided Surg. 2005;10(3):157-63. Minimally invasive osteoid oste-
oma resection under computer tomography (CT) guidance has yielded good results and has
become a viable alternative to open surgical procedures. Limited visualization of the actual drill
position under CT guidance can frequently result in inadequate and malpositioned drilling,
especially at lesions located in less accessible anatomic regions. With the conventional
CT-guided drilling technique, sterility and general operative management poorly correlate with
standard operating room conditions, and are at risk of intra- and postoperative complications.
The new Iso-C(3D) imaging device provides intraoperative multiplanar reconstructions.
Adequate image quality and implementation in navigation systems were described for numer-
ous indications. On the basis of multiplanar reconstructions, minimally invasive navigated tech-
niques under three-dimensional surgical tool control become possible, which is not the case
under fluoroscopic or CT-based navigation. We report on our first three cases of navigated
Iso-C(3D) osteoid osteoma resection. A minimally invasive resection of the nidus was possible
under permanent multiplanar image control. No complications were encountered and all
patients reported successful outcomes. Minimally invasive-based navigation offered an effec-
tive and reproducible surgical approach. Dependence on CT imaging for proper positioning and
complications associated with use away from the operating room environment can be avoided.
Cartiaux O, et al. Computer-assisted planning and navigation improves cutting accuracy dur-
ing simulated bone tumor surgery of the pelvis. Comput Aided Surg. 2013;18(1-2):19-26.
BACKGROUND: Resection of bone tumors within the pelvis requires good cutting accuracy
to achieve satisfactory safe margins. Manually controlled bone cutting can result in serious
errors, especially due to the complex three-dimensional geometry, limited visibility, and
restricted working space of the pelvic bone. This experimental study investigated cutting accu-
racy during navigated and non-navigated simulated bone tumor cutting in the pelvis.
METHODS: A periacetabular tumor resection was simulated using a pelvic bone model.
Twenty-three operators (10 senior and 13 junior surgeons) were asked to perform the tumor
cutting, initially according to a freehand procedure and later with the aid of a navigation sys-
tem. Before cutting, each operator used preoperative planning software to define four target
planes around the tumor with a 10-mm desired safe margin. After cutting, the location and
flatness of the cut planes were measured, as well as the achieved surgical margins and the time
required for each cutting procedure. RESULTS: The location of the cut planes with respect to
the target planes was significantly improved by using the navigated cutting procedure, averag-
ing 2.8 mm as compared to 11.2 mm for the freehand cutting procedure (p < 0.001). There was
no intralesional tumor cutting when using the navigation system. The maximum difference
between the achieved margins and the 10-mm desired safe margin was 6.5 mm with the navi-
gated cutting process (compared to 13 mm with the freehand cutting process). CONCLUSIONS:
Cutting accuracy during simulated bone cuts of the pelvis can be significantly improved by
using a freehand process assisted by a navigation system. When fully validated with comple-
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mentary in vivo studies, the planning and navigation-guided technologies that have been devel-
oped for the present study may improve bone cutting accuracy during pelvic tumor resection
by providing clinically acceptable margins.

69. Cartiaux O, et al. Computer-assisted and robot-assisted technologies to improve bone-cutting
accuracy when integrated with a freehand process using an oscillating saw. J Bone Joint Surg
Am. 2010;92(11):2076-82. BACKGROUND: In orthopaedic surgery, many interventions
involve freehand bone cutting with an oscillating saw. Such freehand procedures can produce
large cutting errors due to the complex hand-controlled positioning of the surgical tool. This
study was performed to investigate the potential improvements in cutting accuracy when
computer-assisted and robot-assisted technologies are applied to a freehand bone-cutting pro-
cess when no jigs are available. METHODS: We designed an experiment based on a geometri-
cal model of the cutting process with use of a simulated bone of rectangular geometry. The
target planes were defined by three variables: a cut height (t) and two orientation angles (beta
and gamma). A series of 156 cuts were performed by six operators employing three techno-
logically different procedures: freehand, navigated freehand, and robot-assisted cutting. After
cutting, we measured the error in the height t, the absolute error in the angles beta and gamma,
the flatness, and the location of the cut plane with respect to the target plane. RESULTS: The
location of the cut plane averaged 2.8 mm after use of the navigated freehand process com-
pared with 5.2 mm after use of the freehand process (p < 0.0001). Further improvements were
obtained with use of the robot-assisted process, which provided an average location of 1.7 mm
(p <0.0001). CONCLUSIONS: Significant improvements in cutting accuracy can be achieved
when a navigation system or an industrial robot is integrated into a freehand bone-cutting
process when no jigs are available. The procedure for navigated hand-controlled positioning of
the oscillating saw appears to be easy to learn and use.

70. Arand M, et al. Computer-guidance in percutaneous screw stabilization of the iliosacral joint.
Clin Orthop Relat Res. 2004;(422):201-7. Nine patients with instability and one patient with
degeneration of the iliosacral joint were treated surgically. The posterior pelvic ring was stabi-
lized with the assistance of an optoelectronic navigation system. Registration was ensured by
using fiducial screws in the iliac crest or by collecting landmarks on the external fixator.
Computed tomography scans taken postoperatively provided additional information regarding
implant localization in all patients. Accurate placement of 21 of 22 implanted iliosacral screws
was observed. Two of the 21 screws touched the wall of the second sacral foramen without
perforating the canal. One screw perforated the anterior wall of the sacrum because the navi-
gated guide wire was bent during implantation. The initial results indicate that computer-aided
frameless navigation in surgery of the iliosacral joint can facilitate surgical performance dur-
ing screw stabilization in selected patients. Two important issues must be considered in the
clinical application of this technique: first, any relative migration of the iliac and sacral bone
structures between computed tomography scans taken preoperatively and intraoperative navi-
gation may result in an intolerable inaccuracy of computer guidance. Second, bending of the
guide wire of the tracked power drive, which cannot be accommodated by the navigation
system, will lead to misguidance; therefore, only navigated drill sleeves should be used.

71. Kawai A, et al. Prognostic factors for patients with sarcomas of the pelvic bones. Cancer.
1998;82(5):851-9. BACKGROUND: Treatment of malignant tumors of the pelvis represents
one of the most difficult problems in musculoskeletal oncology. However, factors that influ-
ence the local and systemic control of the disease remain ill-defined. METHODS: One hundred
and two patients with localized pelvic sarcomas who underwent a surgical excision of the
tumors were analyzed. The tumor diagnosis was chondrosarcoma in 49 patients, osteosarcoma
in 26 patients, Ewing’s sarcoma in 20 patients, and other tumors in 7 patients. The tumor was
located in the ilium in 65 patients, the pubis in 21 patients, the ischium in 8 patients, and the
sacrum in 8 patients. Eighty-three patients underwent a limb-sparing surgery and 19 patients
underwent hemipelvectomy. Prognostic factors for local recurrence, metastasis, and survival
were analyzed. RESULTS: At last follow-up, 47 patients were disease free, 7 were alive with
disease, and 48 had died. The 5-year survival rate was 55% (chondrosarcoma: 65%, osteosar-
coma: 47%, and Ewing’s sarcoma: 52%). Inadequate surgical margin emerged as the only
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independent adverse prognostic factor for local recurrence. For distant metastasis, surgical
stage remained as an independent prognostic factor. Patients who underwent a hemipelvec-
tomy and those who had an inadequate surgical margin had significantly poorer survivals.
CONCLUSIONS: Pelvic sarcomas remain diseases with a poor prognosis. Independent prog-
nostic factors are few; an adequate surgical margin is critical to prevent local recurrence, and
the surgical stage is related to the risk of distant metastasis. Surgical margins and hemipelvec-
tomy were predictors of survival, but the patients who underwent hemipelvectomy also tended
to have the largest, most advanced tumors. Hemipelvectomy should be considered when there
is sacral involvement.

Cartiaux O, et al. Improved accuracy with 3D planning and patient-specific instruments during
simulated pelvic bone tumor surgery. Ann Biomed Eng. 2014;42(1):205-13. In orthopaedic
surgery, resection of pelvic bone tumors can be inaccurate due to complex geometry, limited
visibility and restricted working space of the pelvis. The present study investigated accuracy of
patient-specific instrumentation (PSI) for bone-cutting during simulated tumor surgery within
the pelvis. A synthetic pelvic bone model was imaged using a CT-scanner. The set of images
was reconstructed in 3D and resection of a simulated periacetabular tumor was defined with
four target planes (ischium, pubis, anterior ilium, and posterior ilium) with a 10-mm desired
safe margin. Patient-specific instruments for bone-cutting were designed and manufactured
using rapid-prototyping technology. Twenty-four surgeons (10 senior and 14 junior) were
asked to perform tumor resection. After cutting, ISO1101 location and flatness parameters,
achieved surgical margins and the time were measured. With PSI, the location accuracy of the
cut planes with respect to the target planes averaged 1 and 1.2 mm in the anterior and posterior
ilium, 2 mm in the pubis and 3.7 mm in the ischium (p < 0.0001). Results in terms of the loca-
tion of the cut planes and the achieved surgical margins did not reveal any significant differ-
ence between senior and junior surgeons (p = 0.2214 and 0.8449, respectively). The maximum
differences between the achieved margins and the 10-mm desired safe margin were found in
the pubis (3.1 and 5.1 mm for senior and junior surgeons respectively). Of the 24 simulated
resection, there was no intralesional tumor cutting. This study demonstrates that using PSI
technology during simulated bone cuts of the pelvis can provide good cutting accuracy.
Compared to a previous report on computer assistance for pelvic bone cutting, PSI technology
clearly demonstrates an equivalent value-added for bone cutting accuracy than navigation
technology. When in vivo validated, PSI technology may improve pelvic bone tumor surgery
by providing clinically acceptable margins.

Haider H, et al. Minimally invasive total knee arthroplasty surgery through navigated freehand
bone cutting: winner of the 2005 “HAP” PAUL AWARD. J Arthroplast. 2007;22(4):535-42.
Navigated freehand bone cutting (NFC) is introduced as a concept to eliminate alignment jigs
and facilitate smaller arthroplasty incisions. We compare experimental cuts with this technique
to conventional jigs. Using an in-house-built computer-aided orthopedic surgery system
directly navigating a bone saw, users with different levels of surgical skills were timed per-
forming full sets of distal femoral total knee arthroplasty cuts with jigs and with NFC. The cut
surfaces were digitized to measure roughness and 3-dimensional translational/rotational
errors. Navigated freehand cutting was 15% faster and produced 200% rougher surfaces than
jigs, although its worst peaks/valleys were less than 1.2 mm. Implant fit/looseness, assessed by
special navigated tools, was similar; but alignment was 400% better with NFC. Even at its
infancy, NFC appears not to prohibitively compromise time and quality of cutting. Without
requiring jigs, it has potential for radically less invasive total knee arthroplasty surgery.

Paul L, et al. Inaccuracy in selection of massive bone allograft using template comparison
method. Cell Tissue Bank. 2008;9(2):83-90. The use of massive bone allografts is increasing
year by year and selection method remains unchanged. Superposition of patient’s radiograph
over allograft image and comparison of distances is the gold standard. Experiment was led to
test selection procedure of a major european tissue bank. Four observers were asked to select
an allograft for 10 fictive recipients. Nine allografts were provided. To simulate a perfect
allograft, recipient himself was inserted in the pool of allografts (trap graft). The 10 potential
bone transplants were classified in four categories (from adequate to unacceptable). In addi-
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tion, observers were asked to choose the three best grafts for a given recipient. Quadratic kappa
measuring agreement on classification between two observers ranged between 0.74 (substan-
tial) and 0.47 (moderate). Trap graft was quoted by observers as adequate four times (10%) and
was cited eight times (20%) among the three best matching allografts. None of the observers
discovered that recipient was among allograft panel. This study demonstrates that current
selection method is inaccurate for hemipelvic allograft selection. New methods should be
developed and tested to assist tissue banks in bone allograft selection.

75. Schmerber S, Chassat F. Accuracy evaluation of a CAS system: laboratory protocol and results
with 6D localizers, and clinical experiences in otorhinolaryngology. Comput Aided Surg.
2001;6(1):1-13. OBJECTIVES: The objective of the study reported in this article was to eval-
uate (1) localizer inaccuracies, one of the major sources of errors in Computer-Assisted
Surgery (CAS) systems, and (2) the final errors obtained using surface-based registration in
ear, nose, and throat (ENT) surgery. These objectives were met through (1) a technical evalua-
tion of the accuracy and usability of several optical localizers under laboratory test conditions,
and (2) a clinical measure of the global errors obtained when using a CAS system including
one of the standard localizer systems (Flashpoint 5000) in Functional Endoscopic Sinus
Surgery (FESS). PATIENTS AND METHODS: The technical evaluation of localizers con-
sisted of series of geometric tests on four commercial systems. Clinical evaluation included the
development of a laboratory CAS system using a markerless, skin surface registration method.
This was based on a standard optical digitizing system (Flashpoint 5000), which eliminates the
need for the second CT scan, which is normally performed specifically to process the position
of the fiducial markers. Global accuracy was then evaluated on 20 patients by subjective and
visual comparison when placing a calibrated pointer on anatomical landmarks. RESULTS:
The results of the technical study indicate that the four commercial systems tested have levels
of inaccuracy deemed acceptable for most CAS applications, including ENT surgery. The
clinical study obtained a registration and calibration accuracy of less than 1.5 mm in 89.2%
(SD = 0.20 mm) of the cases studied. Our markerless skin surface points registration method
is reliable, and allows patient head movements during the procedure. The accuracy tests per-
formed show that this type of system can be used for ENT surgery with satisfaction.
CONCLUSION: CAS systems enable the surgeon to have a more thorough understanding of
the complicated anatomy of paranasal sinuses, and may be especially helpful in revision sur-
gery when normal anatomic landmarks are lacking. Further studies are necessary in FESS to
improve the CAS systems that are currently available, and to determine whether these systems
can minimize the overall risk of complications.

76. Grimer RJ, et al. Hindquarter amputation: is it still needed and what are the outcomes? Bone
Joint J. 2013;95-B(1):127-31. A total of 157 hindquarter amputations were carried out in our
institution during the last 30 years. We have investigated the reasons why this procedure is still
required and the outcome. This operation was used as treatment for 13% of all pelvic bone
sarcomas. It was curative in 140 and palliative in 17, usually to relieve pain. There were 90
primary procedures (57%) with the remaining 67 following the failure of previous operations
to control the disease locally. The indication for amputation in primary disease was for large
tumours for which limb-salvage surgery was no longer feasible. The peri-operative mortality
was 1.3% (n = 2) and major complications of wound healing or infection arose in 71 (45%)
patients. The survival at five years after hindquarter amputation with the intent to cure was
45%, and at ten years 38%. Local recurrence occurred in 23 patients (15%). Phantom pain was
a significant problem, and only 20% used their prosthesis regularly. Functional scores were a
mean of 57%. With careful patient selection the oncological results and functional outcomes
of hindquarter amputation justify its continued use.

77. Delloye C, et al. Pelvic reconstruction with a structural pelvic allograft after resection of a
malignant bone tumor. J Bone Joint Surg Am. 2007;89(3):579-87. BACKGROUND:
Reconstruction of the pelvic arch after resection of a malignant pelvic tumor remains a major
surgical challenge because of the high rate of associated complications. The purpose of this
investigation was to assess the functional outcome and complication rate following treatment
with a bone allograft to reconstruct the pelvis. METHODS: Twenty-four consecutive patients
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underwent excision of a malignant pelvic bone tumor and reconstruction with a pelvic bone
allograft. The living patients were followed for a minimum of twenty-four months. There were
nineteen primary malignant bone tumors, sixteen of which were high-grade sarcomas, and
there were five isolated metastases. Patients were examined clinically and radiographically and
were assessed functionally with the Musculoskeletal Tumor Society score. RESULTS: The
mean age of the patients at the time of the index surgery was thirty-four years, and the mean
duration of follow-up was forty-one months. Eighteen of the twenty-four resections involved
the periacetabular area and were followed by reconstruction either with a hip prosthesis (thir-
teen) or with an osteochondral allograft alone (five). The six other resections involved the iliac
bone. All patients received a massive bone allograft that had been sterilely procured without
secondary irradiation. At the time of our last evaluation, eight patients were alive and free of
disease. Seven patients had a local recurrence. Neurological deficits were present in six
patients, and three had a deep infection. Nonunion of three of the sixteen allografts that could
be evaluated was observed. Neither graft fracture nor lysis was observed. Eleven patients
underwent surgical revision, with nine of these revisions related to the reconstruction. The
average Musculoskeletal Tumor Society score at the time of the latest follow-up was 73% of
the maximal possible score. The average score was 82% for the eleven patients with an age of
less than twenty years at the time of the index procedure and 65% for the thirteen older patients.
Ten patients walked without any assistive device, and five of them had normal function with no
or only a slight limp. CONCLUSIONS: Pelvic reconstruction after a limb-sparing resection is
associated with a high risk of surgical complications and usually should be reserved for
patients with a primary bone sarcoma. A pelvic allograft can restore the anatomy and provide
good functional results, especially in young patients. Nonunion was the most common
allograft-related complication.

Carter TJ, et al. Application of soft tissue modelling to image-guided surgery. Med Eng Phys.
2005;27(10):893-909. The deformation of soft tissue compromises the accuracy of image-
guided surgery based on preoperative images, and restricts its applicability to surgery on or
near bony structures. One way to overcome these limitations is to combine biomechanical
models with sparse intraoperative data, in order to realistically warp the preoperative image to
match the surgical situation. We detail the process of biomechanical modelling in the context
of image-guided surgery. We focus in particular on the finite element method, which is shown
to be a promising approach, and review the constitutive relationships which have been sug-
gested for representing tissue during surgery. Appropriate intraoperative measurements are
required to constrain the deformation, and we discuss the potential of the modalities which
have been applied to this task. This technology is on the verge of transition into clinical prac-
tice, where it promises to increase the guidance accuracy and facilitate less invasive interven-
tions. We describe here how soft tissue modelling techniques have been applied to image-guided
surgery applications.

Sugano N. Computer-assisted orthopaedic surgery and robotic surgery in total hip arthroplasty.
Clin Orthop Surg. 2013;5(1):1-9. Various systems of computer-assisted orthopaedic surgery
(CAOS) in total hip arthroplasty (THA) were reviewed. The first clinically applied system was
an active robotic system (ROBODOC), which performed femoral implant cavity preparation
as programmed preoperatively. Several reports on cementless THA with ROBODOC showed
better stem alignment and less variance in limb-length inequality on radiographic evaluation,
less incidence of pulmonary embolic events on transesophageal cardioechogram, and less
stress shielding on the dual energy X-ray absorptiometry analysis than conventional manual
methods. On the other hand, some studies raise issues with active systems, including a steep
learning curve, muscle and nerve damage, and technical complications, such as a procedure
stop due to a bone motion during cutting, requiring re-registration and registration failure.
Semi-active robotic systems, such as Acrobot and Rio, were developed for ease of surgeon
acceptance. The drill bit at the tip of the robotic arm is moved by a surgeon’s hand, but it does
not move outside of a milling path boundary, which is defined according to three-dimensional
(3D) image-based preoperative planning. However, there are still few reports on THA with
these semi-active systems. Thanks to the advancements in 3D sensor technology, navigation
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systems were developed. Navigation is a passive system, which does not perform any actions
on patients. It only provides information and guidance to the surgeon who still uses conven-
tional tools to perform the surgery. There are three types of navigation: computed tomography
(CT)-based navigation, imageless navigation, and fluoro-navigation. CT-based navigation is
the most accurate, but the preoperative planning on CT images takes time that increases cost
and radiation exposure. Imageless navigation does not use CT images, but its accuracy depends
on the technique of landmark pointing, and it does not take into account the individual unique-
ness of the anatomy. Fluoroscopic navigation is good for trauma and spine surgeries, but its
benefits are limited in the hip and knee reconstruction surgeries. Several studies have shown
that the cup alignment with navigation is more precise than that of the conventional mechani-
cal instruments, and that it is useful for optimizing limb length, range of motion, and stability.
Recently, patient specific templates, based on CT images, have attracted attention and some
early reports on cup placement, and resurfacing showed improved accuracy of the procedures.
These various CAOS systems have pros and cons. Nonetheless, CAOS is a useful tool to help
surgeons perform accurately what surgeons want to do in order to better achieve their clinical
objectives. Thus, it is important that the surgeon fully understands what he or she should be
trying to achieve in THA for each patient.

80. Khan F, et al. Haptic robot-assisted surgery improves accuracy of wide resection of bone
tumors: a pilot study. Clin Orthop Relat Res. 2013;471(3):851-9. BACKGROUND: Accurate
reproduction of the preoperative plan at the time of surgery is critical for wide resection of
primary bone tumors. Robotic technology can potentially help the surgeon reproduce a given
preoperative plan, but yielding control of cutting instruments to a robot introduces potentially
serious complications. We developed a novel passive (“haptics”) robot-assisted resection tech-
nique for primary bone sarcomas that takes advantage of robotic accuracy while still leaving
control of the cutting instrument in the hands of the surgeon. QUESTIONS/PURPOSES: We
asked whether this technique would enable a preoperative resection plan to be reproduced more
accurately than a standard manual technique. METHODS: A joint-sparing hemimetaphyseal
resection was precisely outlined on the three-dimensionally reconstructed image of a represen-
tative Sawbones femur. The indicated resection was performed on 12 Sawbones specimens
using the standard manual technique on six specimens and the haptic robotic technique on six
specimens. Postresection images were quantitatively analyzed to determine the accuracy of the
resections compared to the preoperative plan, which included measuring the maximum linear
deviation of the cuts from the preoperative plan and the angular deviation of the resection
planes from the target planes. RESULTS: Compared with the manual technique, the robotic
technique resulted in a mean improvement of 7.8 mm of maximum linear deviation from the
preoperative plan and 7.9 degrees improvement in pitch and 4.6 degrees improvement in roll
for the angular deviation from the target planes. CONCLUSIONS: The haptic robot-assisted
technique improved the accuracy of simulated wide resections of bone tumors compared with
manual techniques. CLINICAL RELEVANCE: Haptic robot-assisted technology has the
potential to enhance primary bone tumor resection. Further bench and clinical studies, includ-
ing comparisons with recently introduced computer navigation technology, are warranted.
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23.1 Introduction

En bloc resection is considered a mainstay of treatment for primary tumors of the
sacrum. Based on the extent and location of the tumor, following en bloc resection
spinopelvic continuity can be compromised, and as such reconstruction is neces-
sary. However, en bloc resection often creates a difficult reconstructive challenge
for orthopedic and plastic oncologic and reconstructive surgeons due to the combi-
nation of a segmental bony defect and the complex biomechanics of the sacrum. In
addition to these significant mechanical issues, the surgical anatomy of the bony,
vascular, and visceral pelvic structures contributes to a technically demanding
reconstruction. The purpose of this chapter is to describe the biomechanical and
technical challenges of reconstruction following sacral resection and the authors’
suggestions to address those challenges.
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23.2 Sacral Biomechanics

The sacrum is the only mechanical connection between the spine and pelvis/lower
extremities. The sacroiliac (SI) joint is highly constrained and has to resist not only
compression but also rotation, allowing for two degrees of motion and translation of
only 0.7 mm [1, 2]. The constrained motion is due to the wedge shape of the sacrum
between the iliac wings, which provides inherent stability similar to a “keystone” to
prevent caudal migration, and the SI joint has an irregular and broad surface which
interlocks the sacrum to the ilium. This allows the SI joint to not only resist com-
pressive forces but also shear forces. In addition to the bony articulations, the SI
joint is further stabilized by the intraosseous sacroiliac ligaments, the sacrotuberous
ligaments, the sacrospinous ligaments, and the iliolumbar ligaments.

Following a sacrectomy, the biomechanical integrity of the SI joint can be com-
promised, and the need for reconstruction is largely based on the level of resection.
It has previously been shown that the ability of the pelvis to resist axial loads is
weakened by up to 50% with transverse resections of the sacral alae. However, this
amount of weakening often does not prevent safe weight bearing [3, 4]. These early
studies were expanded upon with a cadaveric model based on the effect of the level
of resection. Hugate and colleagues showed that when a transverse partial sacrec-
tomy was performed cranial to the S1 nerve root (Fig. 23.1a), then the residual

Fig.23.1 Sacrectomies performed above the S1 neural foramen (a) were found to be unable to
withstand postoperative mobilization compared to osteotomies performed below the S1 level
(b). Due to these findings, reconstruction is recommended when an osteotomy is performed
cranial to the S1 foramen
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sacrum was at significant risk of a midline sagittal plane fracture during activities of
daily living. Their recommendation was that reconstruction should be performed in
this situation. However, if the transverse resection was distal to the S1 sacral seg-
ment (Fig. 23.1b), the authors felt that the sacrum would be able to withstand post-
operative mobilization [5]. One criticism of this study was that the cadaveric
specimens were from older patients, and sacrectomies are more often performed in
younger patients. In order to address these issues, Yu and colleagues showed in a
cadaveric model using “younger” pelvic specimens that resections involving S1
resulted in rotational instability and that further cephalad resection through half of
the S1 body resulted in compressive instability [6]. Based on these findings, the
authors recommended reconstruction when the osteotomy was at or above the
S1-S2 vestigial disk level [6]. This has become the standard of practice at our insti-
tution, and we advocate for reconstruction if there is ablation of one of the SI joints
or if there is a transverse osteotomy above the S1-S2 vestigial disk level. Clinically,
the restoration of spinopelvic continuity has led to improved functional outcomes
compared to patients where no reconstruction is performed [7, 8].

23.3 Spinopelvic Reconstruction

In order to restore spinal balance, and to reconstruct the spinopelvic instability that
is generated by the sacrectomy, pedicle and iliac screw fixation with posterior rods
and anterior support is currently our standard technique. Historically, the use of
spinal instrumentation was associated with a high failure rate related to screw loos-
ening and rod breakage, likely due to the use of posterior-only spinal reconstruction
techniques without anterior column support at the resected sacral level. However,
newer combined anterior and posterior reconstruction techniques have reduced fail-
ure rates [9, 10].

The ilium has two pathways of abundant cancellous bone: the upper (posterior
superior iliac spine to the iliac crest) and lower segments (posterior superior spine
to the anterior inferior iliac spine) which are ideal sites for anchoring iliac screws.
It has been shown that if iliac screws are placed in both these paths, there is signifi-
cant resistance to both compressive and torsional forces, especially with dual lower
segment fixation [11]. In addition to improved iliac fixation techniques, changes
have occurred in posterior rod instrumentation techniques, namely, the four-rod
reconstruction technique. In an in vitro total sacrectomy model, Kelly and col-
leagues were able to demonstrate the superiority of a four-rod reconstruction tech-
nique compared to the traditional two-rod construct to provide significantly greater
stability in flexion and extension [12]. Likewise, the addition of cross-links to the
four-bar construct significantly increased the rotational stability of the construct [12].
In addition to a four-rod reconstruction with cross-linking, our preferred reconstruc-
tion technique includes an anterior column reconstruction of the sacral vertebral
segment to augment the posterior reconstruction with anterior strut grafts (which
are often preferably vascularized free fibulas), forming a “cathedral-shaped” recon-
struction of the anterior spinal column at the sacral level [8].
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23.3.1 Indications for Reconstruction

Reconstruction at our institution is performed when the SI joint has been disrupted,
based on the Mayo Spino-Sacral-Pelvic Tumor Classification (Fig. 23.2), following
either a total sacrectomy (Mayo Type [A), partial sacrectomy above the S1 foramen
(Mayo Type IB), unilateral hemisacrectomy (Mayo Type II), amputative partial
sacrectomy plus hemipelvectomy (Mayo Type III), or total sacrectomy and hemi-
pelvectomy (Mayo Type IV). Reconstruction is not necessary for a lower sacrec-
tomy which does not disrupt the SI joints (Mayo Type IC).

23.3.2 Cathedral Reconstruction

Staging of a total sacrectomy (Mayo Type 1A) has been shown to reduce patient
morbidity and is currently our preferred technique [13]. We perform this procedure
in three stages on three different surgical days. The anterior procedure, which we
perform on day 1, includes the harvesting of a vertical rectus abdominis vascular-
ized myocutaneous (VRAM) flap; the pelvic viscera mobilization; the sacral, spinal,
and pelvic osteotomies as needed for a specific patient; the vascular mobilization;
the nerve root sectioning as needed for a specific patient’s tumor geometry; and the
positioning of the VRAM flap in the pelvis over a Silastic sheet that identifies the
plane of pelvic dissection. The second stage is the posterior approach and dissec-
tion, completion of osteotomies, tumor delivery and removal from the surgical field,
and provisional VRAM flap inset followed by wound closure. The patient gets a
spinopelvic CT scan on the way to the intensive care unit, which is used in the plan-
ning for the reconstruction which occurs as stage 3. The stage 3 reconstruction
consists of bilateral bicortical pedicle screws in the two or three most distal remain-
ing vertebrae and one or two iliac screws on each side. Docking sites for the two
fibulae which constitute the anterior column sacral reconstruction are then created
with a burr in the most caudal portion of the lowest remaining vertebra and in the
ilia. The iliac docking sites may be prepared in the supra-acetabular region, in the
ischial ramus, or in the ischial tuberosity area, depending on the locations that
remain after specimen removal, as seen on the post-resection CT scan. The pelvic
docking sites may be prepared during the anterior stage 1 operation, the posterior
stage 2 tumor removal operation, or the stage 3 reconstruction operation, depending
on the particular patient’s tumor anatomy and which of the three operations present
the optimum opportunity to prepare the docking sites. The ideal position of the
docking sites in the ilium is at the intersection of the iliopectineal line and a straight
line which intersects the center of the hip joint and the most caudal remaining ver-
tebra (Fig. 23.3a). The position of these docking sites ultimately depends on the
location and extent of the tumor removal in each patient and the bone areas that
remain and are available for fibular strut graft docking.
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Fig. 23.2 The Mayo Spino-Sacral-Pelvic Tumor Classification assists in the planning of recon-
struction based on the extent of resection and also if there is an amputative pelvic procedure. We
perform a spinopelvic reconstruction for cases of Mayo Type IA (total sacrectomy, a), Type IB
(subtotal sacrectomy above the S1 foramen, b), Type II (hemisacrectomy involving the ipsilateral
sacroiliac joint, d), Type III (hemipelvectomy and hemisacrectomy, e), and Type IV (total sacrec-
tomy and hemipelvectomy, f). Since the SI joints are not disrupted in a Type IC (subtotal sacrec-
tomy below the S1 foramen, ¢), a reconstruction is not typically performed



326 M.T. Houdek et al.

Fig.23.2 (continued)

Fibular allografts or autografts are fashioned in order to be inserted into the dock-
ing sites, creating a “cathedral” appearance (Fig. 23.3b). We currently advocate the
use of vascularized free fibulas instead of allografts in the setting of previous sacro-
pelvic radiation. In such patients, healing of an allograft may likely be compromised.
Following the docking of the fibulae to the most distal remaining vertebra, a bilateral
four-rod posterior instrumentation reconstruction with cross-links is performed, and
the instrumentation construct is compressed across the docking site (Fig. 23.3c).
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Fig. 23.3 During the anterior exposure of the tumor, receptacles for the strut grafts are made on
the iliopectineal line at the crossing point from the center of the planned distal vertebrae and the
center of the hip joint. Following tumor extirpation, bicortical pedicle screws are placed in the
remaining lumbar vertebrae, and a docking site is made in the central portion of the most distal
vertebrae. The fibular strut grafts are then placed into the docking sites of the ilium (a) and then
inserted into the distal vertebrae in a “cathedral” fashion (b). Compression is then placed across the
docking site, and the nuts of the pedicle screws are tightened (c)

The VRAM flap is then brought through the center of the cathedral (Fig. 23.4). The
posterior abdominal wall is then reconstructed with a dermal replacement in order to
prevent bowel and visceral herniation. It is important to leave a space in the caudal por-
tion of the dermal replacement in order to allow for the VRAM pedicle. The VRAM flap
is then sutured in place at the fascial, subdermal, and skin levels, and the patient is kept
on a specialized pressure-equalizing bed mattress to allow for optimal flap healing.

23.3.3 Unilateral Reconstruction

In cases where only one SI joint has been resected, a unilateral cathedral technique
can be performed (Fig. 23.5). This technique is used to recreate the biomechanical
properties of the SI joint. Similar to a bilateral procedure, a compressive pedicle and
iliac screw reconstruction is performed, augmented with either an allograft or auto-
graft fibular strut.
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Fig.23.4 Following reconstruction, a biologic matrix is used to reconstruct the posterior abdomi-
nal wall and placed between the abdominal contents and the hardware. An opening is created in the
distal portion of the matrix in order to allow for the pedicle of the flap

i

Fig. 23.5 Unilateral reconstruction and cathedral reconstruction using a fibular strut graft as well
as pedicle and iliac screw fixation. Similar to the bilateral reconstruction, docking sites are created,
and the fibula strut is placed in-between with compression across the docking sites
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23.3.4 Amputative Sacrectomy

Combined sacrectomy and external hemipelvectomy procedures are rare, and there
are few options to restore spinopelvic continuity. For a combined partial sacrectomy
and external hemipelvectomy (Mayo Type III), spinopelvic continuity is maintained.
However, this is not enough to support the forces transmitted during ambulation and
sitting. We advocate for reconstruction whenever a spinal disk is entered as part of
the tumor resection. Although there is no published biomechanical data that addresses
this particular amputative resection, lumbar pedicle and iliac screw fixation appears
to be a reasonable method from our perspective to restore spinopelvic stability fol-
lowing a Mayo Type III resection. Along with iliac fixation, the number of remaining
vertebrae instrumented is based on individual patient characteristics, which include
the extent of the tissues removed during tumor resection, patient weight, and patient
bone quality. Two, three, or four vertebral levels are the usual range instrumented in
patients following a Mayo Type III resection. Posterior rods and cross-links are used
to connect the most proximal of the iliac screws and the lumbar pedicle screws
(Fig. 23.6a). Likewise, the more caudal iliac screw is connected to the ipsilateral
sacral pedicle screw and the contralateral lumbar pedicle screws. Compression is
then placed through this construct, and morcellized bone graft is used in the ipsilat-
eral posterolateral gutter. In addition, structural allograft bone is placed in each disk
that is included in the instrumented levels of the arthrodesis (Fig. 23.6b). In the set-
ting of previous radiation, a vascularized fibula can be used to enhance fixation.

Fig.23.6 Reconstruction following a Mayo Type Il resection. The patient initially was left unre-
constructed but developed severe pain related to instability of the lumbar vertebrae. As such, these
vertebrae were reconstructed using pedicle and iliac screw fixation with crossbar linking of the
remaining sacrum and pelvis (a). Following the procedure, there was solid fusion of the vertebrae
to the pelvis, with a substantial reduction in pain (b)



330 M.T. Houdek et al.

In the setting of an amputative hemipelvectomy and total sacrectomy (Mayo
Type 1V, Fig. 23.7a), we use the amputated proximal femur for bone graft as long as
there is no tumor located in this region. Similar to a Type III reconstruction, the
remaining two, three, or four lumbar vertebrae are instrumented with bilateral ped-
icle screws, along with dual or triple iliac screw fixation in the remaining ilium. We
then perform both an intertrochanteric osteotomy and a subtrochanteric osteotomy
through the proximal femoral autograft to restore the anatomic distance between the
spine and pelvis (Fig. 23.7b). The position of the subtrochanteric osteotomy is cho-
sen to minimize either stretching or kinking of the vessels and nerves between the
remaining lumbar spine and the remaining ilium. A docking site is created in the
remaining ilium to allow for fixation of the cancellous bone of the amputated
femur’s intertrochanteric osteotomy to the remaining ilium and for fixation of the
subtrochanteric osteotomy site of the amputated femur into the most caudal remain-
ing vertebra (Fig. 23.7c). The angle of the intertrochanteric osteotomy is chosen so
that the amputated femoral autograft aligns with the long axis of the patient’s body.

Fig. 23.7 Following a Mayo Type IV resection (a), the amputated proximal femur is used to
restore the distance between the spine and pelvis. A subtrochanteric osteotomy is performed (b),
and the proximal femur is “flipped,” so the proximal femur’s intertrochanteric osteotomy is in
contact with the remaining ilium (¢). The femur is then fixed to the ilium (d) along with multiple
pedicle and iliac screws and posterior rods under compression (e)
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Fig. 23.7 (continued)

This reconstructive construct is held in place with a compression screw into the
ilium (Fig. 23.7d) and via compression of the screw-rod instrumentation between
the lumbar spine and the remaining ilium. An arthrodesis is performed between the
remaining lumbar vertebrae and the remaining ilium.

Conclusion

Reconstruction following a sacrectomy is necessary to restore spinopelvic con-
tinuity and improve patient outcome. The use of the cathedral technique at our
institution has resulted in an 89% success rate [8]. Currently, we advocate for
the use of dual iliac screw fixation, double-bar constructs with cross-linking,
and anterior column support for the defect that results from the sacral resec-
tion. A biomechanical analysis has shown decreased instrumentation failure
when the anterior column is supported, when compared to posterior column
only support [14]. Although it increases the surgical time, we feel that in
patients who have a history of radiation to the pelvis, or who will receive che-
motherapy following the reconstruction, the use of vascularized fibular auto-
grafts is a reasonable strategy to improve the reconstruction construct’s stability
and healing potential.
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Soft Tissue Reconstruction Following 24
Sacrectomy

Matthew T.Houdek and Steven L. Moran

Primary sacral tumors are uncommon and fortunately the majority are low-grade
malignancies; however, without negative surgical margins, these tumors have a high
predilection for local recurrence [1]. Thus, the goal of surgery is complete tumor
extirpation. In order to obtain a negative margin, large soft tissue defects are cre-
ated. Unfortunately, these large resections are prone to infection and complications.
The utilization of immediate soft tissue reconstruction with myocutaneous flaps has
allowed the surgeon to bring well-vascularized tissue into the resection area, obliter-
ate dead space, and preserve abdominal domain.

Local soft tissue flap reconstruction of these defects can be compromised by
immobile radiated tissues and lack of local posterior soft tissue due to its removal
with the tumor specimen. Historically, these wounds were left to close by second-
ary intention and often resulted in extensive scarring, as well as an unstable soft
tissue envelope which leads to a prolonged hospital course due to the associated
complications. Over the past 2 decades, myocutaneous flap reconstruction of these
defects has lowered morbidity and also allowed for more aggressive surgical resec-
tion of the primary tumor. Over the past decade, we have found that there are two
flaps that provide reliable soft tissue coverage for these complex defects. The pur-
pose of this chapter is to provide an overview of the common indications and tech-
niques for soft tissue reconstruction following sacrectomy and to review our
reconstructive algorithm.
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24.1 Flap Planning

It is important to have a multidisciplinary team approach from the start of the case
in order to mark out any colostomy or ileostomy sites to facilitate flap design. This
is important because an inappropriately placed colostomy or ileostomy could poten-
tially compromise abdominal flap elevation. In addition, prior to surgery, we advo-
cate for the placement of ureteral stents that assist with identification of the ureters
during tumor extirpation. Patient positioning for the case is dependent on the loca-
tion of the tumor, if the tumor involves S2 or higher our preference is for a two-
stage resection beginning with the patient supine for an anterior abdominal
exploration followed by a posterior resection, which is performed with the patient
in the prone position. Tumors which are located at S3 or lower may be removed
through a pure posterior approach thus allowing the patient to be positioned prone
on the operating room table. Prior to the start of the procedure, the plastic surgery
team will mark the area for flap dissection based on the type of defect.

24.2 Sacral Reconstruction

Sacral resections have historically been associated with high postoperative morbid-
ity due to the complex local anatomy and poor wound healing potential of these
wounds. As previously mentioned, at our institution, distal sacral resections are
typically performed through a posterior approach, while larger tumors, those spread-
ing from the viscera (colon cancer) and cephalad to S3, require a combined anterior
and posterior resection. Soft tissue reconstruction of these defects is either pre-
formed with omental flaps, V=Y advancement flaps, or vertical rectus abdominis
musculocutaneous (VRAM) depending on wound dimensions. These flaps obliter-
ate the potential space left following tumor extirpation and allow for a tension-free
closure of the wound. Depending on the size of the soft tissue defect, these flaps can
be used in isolation or combined.

24.2.1 Omental Pedicled Flap

The omentum is easily accessible during the laparotomy used for exposure during
the anterior approach. Since omentum can be scarred and adherent to abdominal
organs, a previous history of abdominal surgery or abdominal infection may pre-
clude the use of this flap.

The omentum flap may be based on either the right or left gastroepiploic artery.
If the flap is based on the right gastroepiploic vessels, the short gastric vessels can
be divided along the greater curvature of the stomach, allowing for mobilization of
the omentum. The omentum can then be tucked into the residual soft tissue defect
to obliterate the potential space left from tumor extirpation. While the flap is very
good for obliterating dead space, it has little structural strength; thus, it is not an
ideal flap when a significant portion of the abdominal wall or buttock area has been
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Fig.24.1 During an anterior exposure, the omentum is easily accessible and significant mobiliza-
tion can be acheived through the anterior laporotomy incision (a). Following removal of a tumor,
there is often a large potential space (b). The omentum can be mobilized and “tucked” into this
space obliterating the dead space (c)

excised. We prefer to use this flap for low-grade tumors where skin closure is not an
issue. In these cases, the omentum can be tucked into the area of tumor extirpation
and help to prevent the development of postoperative seroma and infection. Since
the flap requires manipulation of the viscera, we recommend a gradual resumption
of feeding until the bowel and stomach function return to baseline (Fig. 24.1).

24.2.2 V-Y Advancement Gluteal Flaps

The V-Y advancement flaps are performed as a composite flap (fasciocutaneous and
myocutaneous). Due to the loss of gluteal strength following the procedure, the flap is
safer from a functional standpoint to perform in paraplegic patients but can also be
used in ambulatory patients if the flap is modified to not include the muscle. The flap
is based on the superior and inferior gluteal vessels. The use of this flap is contraindi-
cated if there is concern about the patency of the gluteal vessels (and this may be the
cases if there has been substantial preoperative gluteal radiation or preoperative embo-
lization of the internal iliac vessels). In most cases, the donor site may be closed pri-
marily, but in cases of very large flaps, the donor site can be skin grafted or left to heal
by secondary intention. We prefer to use this flap (Fig. 24.2) only for patients undergo-
ing an entirely prone procedure (caudal to S3). The tissue available with this flap is
limited, and it is often not possible to obliterate larger deep pelvic spaces with this flap.
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Fig. 24.2 For coverage of posterior-only sacrectomies, a V=Y advancement flap can be planned
based on perforators from the gluteal vessels (a). Incisions are planned based on the location of the
perforators (b), and the flaps can be elevated as either a fasciocutaneous or myocutaneous flap. The
flaps are then mobilized to the midline (¢). At 8-month postoperative, the flap has reliably healed (d)

24.2.3 Rectus Abdominis Musculocutaneous Flap

The rectus abdominis muscle can be elevated alone or as a composite flap with a
skin paddle. The skin paddle can be elevated as a transverse rectus abdominis mus-
culocutaneous (TRAM) or as a vertical rectus abdominis musculocutaneous
(VRAM) flap, which can be either a distally based pedicle flap (inferior epigastric
vessels) or microvascular free flap. We most commonly use a VRAM based on the
deep inferior epigastric artery (DIEA). The DIEA arises above the inguinal liga-
ment and lies superior to the peritoneum, but deep to the transversalis fascia. Once
the pedicle enters the rectus sheath, it divides into the medial and lateral branches
and located lateral to the muscle. The flap is elevated off the abdominal wall with
both these perforators, with care taken to leave the flap attached the pubic ramus to
prevent kinking of the pedicle.

The VRAM is the workhorse for reconstruction and can be used for a majority of
soft tissue defects following sacrectomy. If there is a large skin defect, then we preferred
to use a pedicled TRAM flap. Since these flaps are based on the inferior epigastric ves-
sels, a detailed history of previous intra-abdominal surgery should be obtained in order
to determine if the DIEA may have been previously divided (open appendectomy,
inguinal hernia, colostomy, cesarean section, etc.). If there is a concern that the pedicle
has been damaged, a duplex ultrasound or CTA should be performed to confirm patency.
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Fig. 24.3 The vertical rectus abdominis musculocutaneous (VRAM) flap is planned prior to the
anterior exposure of the tumor (a) and is measured based on the anticipated amount of posterior
skin resection. The rectus is elevated off the abdominal wall (b) with care taken not to kink the
perforators of the deep inferior epigastric artery (c—arrow). Once mobilized (d), the anterior expo-
sure of the tumor is undertaken and the flap is tucked into the abdomen

The VRAM flap should be elevated prior to abdominal exploration. A large skin
paddle should be planned in order to close the posterior soft tissue defect (Fig. 24.3).
The rectus sheath is opened near the midline and elevated off the rectus abdominis
muscle in the areas that are away from the skin island. Care should be taken to avoid
the pedicle which lies on the undersurface of the muscle. The flap is left attached to
the pubis and a stich is placed to mark superior orientation of the skin paddle. The
flap is placed in a plastic bag or wrapped in a laparotomy pad and placed over the
anterior portion of the lumbar spine and sacrum for easy identification during the
posterior approach. The flap is then left buried in the abdomen until the posterior
portion of the procedure is performed.

If there is a large anterior fascial defect following flap harvest, the fascia can be
reconstructed using a synthetic mesh or acellular dermal matrix. The repair of these
defects should be tension-free preferably with an absorbable mesh such as Vicryl®
(Ethicon Inc., Cincinnati, Ohio, USA) or a biologic mesh such as AlloDerm® (Lifecell
Corporation, Branchburg, NJ, USA) or Surgisis® (Cook Surgical, Bloomington, IN,
USA). Although both options are viable, the use of a biologic mesh is costly and
patients can sustain an abdominal wall hernia or bulge in long-term follow-up.

During the posterior portion of the procedure, the VRAM flap is easily identified
following resection of the sacrum (Fig. 24.4). Similar to the anterior reconstruction,
a biologic mesh (AlloDerm®) is used to reconstruct the posterior abdominal wall.
The pelvis and spine are stabilized, and the biologic mesh is then anchored to the
pelvis deep to the surgical hardware to prevent herniation of the viscera. A small
opening is left in the inferior portion of the mesh to allow for the pedicle of the
VRAM flap to be passed through the defect. Following the reconstruction, the flap
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Fig. 24.4 Following a combined anterior and posterior approach to the sacrum, reconstructive
surgeons are often faced with large posterior soft tissue defects (a). A biologic mesh is used to
reconstruct the posterior abdominal wall, and the vertical rectus abdominis musculocutaneous
(VRAM) is pulled through a small opening in the mesh (b). The flap is then inset into the posterior
defect without tension (c). In this patient, the flap reliably healed (d)

should be inset without tension or kinking of the pedicle in order to prevent wound
breakdown when the patients start to sit.

24.3 Postoperative Management

Patients are monitored in the ICU for at least the first postoperative night. Adequate
fluid resuscitation improves flap perfusion; thus, blood pressure should be sup-
ported with fluids or blood products rather than vasopressors. We recommend for
the use of a Clinitron® bed (Hill-Rom, Chicago, IL, USA) to avoid pressure injury
to the flap, as many patients will be insensate over the ischial and sacral region.
Physical and occupational therapy services are involved early, and when it is safe
from surgical prospective, patients can begin ambulating and sitting.
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Depending on the size of the defect, one or multiple drains can be placed to pre-
vent hematoma or seroma formation. Large fluid accumulations can compromise
the soft tissue reconstructions through direct pressure on the vascular pedicle or by
the development of deep infection. In accordance with oncologic principles, the
drains should exit the skin in line with and close to an incision in case it has to be
resected at later date for tumor recurrence. Typically, drains are kept in place until
the output decreases to less than 30 cc per day, but often are left in place longer in
large or irradiated wound beds.

24.4 Complications

Wound complications are the most common postoperative complications follow-
ing sacrectomy. In a series from our institution, authored by Maricevich and col-
leagues, we noted a 40% complication rate, with a majority of the complications
related to skin dehiscence [2], even with the postoperative use of a Clinitron® bed.
Since wound complications prevent adjuvant therapy (such as chemotherapy),
uncomplicated wound healing is essential for optimum care and highlights the
need for a multidisciplinary team including plastic surgeons to optimize wound
healing. The high rate of complications following these complicated surgeries has
been corroborated in other large series of partial and total sacrectomies [3, 4].
Despite a high rate of wound and abdominal complications, Maricevich and col-
leagues reported no flap loss following these procedures [2]. Wound complications
were found to be associated with the surgical approach; patients reconstructed with
a V-Y flap were at greatest risk of complications [2]. This is most likely due to the
fact that the V-Y advancement flap lacks the bulk necessary to obliterate deeper
spaces, elevating the risk for fluid accumulation. The study found that the use of
acellular dermal matrix to reconstruct the posterior abdominal significantly reduces
the risk of posterior bowel herniation and reduces the incidence of bowel obstruc-
tion and fistula formation [2].

Currently, at our institution, we use gluteal flaps for smaller defects following
isolated posterior procedures. Even in the setting of smaller wound defects, any time
there is a combined anterior and posterior approach, we advocate for the use of a
VRAM flap. Although reconstruction is technically difficult following a sacrectomy,
the use of the VRAM and biological matrix to reconstruct the posterior abdominal
wall is our preferred technique to provide patients with the best outcomes.
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25.1 Introduction

Arterial embolization for tumors was first described in 1975 [1, 2]. Since then,
embolization for sacral tumors either primary or metastatic has been used exten-
sively as a useful primary, palliative, or adjuvant therapy [3—6]. Preoperative embo-
lization of hypervascular metastatic lesions reduces intraoperative blood loss and
improves the surgeon’s ability for resection. Additionally, embolization may cause
tumor growth arrest, pain alleviation, and shorter hospital stay [4—6]. The timing of
preoperative embolization is important. Typically, best results are achieved when
surgery is performed within 24—48 h after embolization [7, 8]. Serial embolization
is safe and feasible; it can be performed in patients with persistent pain and/or imag-
ing evidence of progressive disease. Serial embolization has been related with high
rates of successful pain relief, tumor devascularization, tumor size reduction, and
calcification of margins [9-11]. Serial embolization is typically performed in 4—6-
week intervals until symptomatic improvement occurs, or the tumor’s pathological
vascularity disappears. Unless there is a clear indication for general anesthesia,
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most procedures are performed under light conscious sedation. The optimal arterial
approach is determined based on lesion location; most often is the common femoral
artery using a Seldinger technique. Commonly, an arterial catheter is placed and
standard 4 French or 5 French angiographic catheters are used for main arterial
selection, and a 3 French microcatheter for subselectivity. A diagnostic angiogra-
phy is performed from a major vessel, more commonly the aorta to delineate vascu-
lar supply to the tumor and to identify vessels of potential concern that may result
in nontarget embolization. In general, microspheres of 100-700 pm are used
because of their ease of delivery, range of available sizes, and lower potential for
recanalization. Sponge gel, once the embolic agent of choice, has now fallen in
disuse, because of its temporary nature and propensity for recanalization. Coils are
avoided as an embolic agent for tumor vessels, because re-treatment may be neces-
sary and blocking access sites should be avoided. Completion of the procedure is
determined by complete occlusion of the tumor blush compared with the initial
diagnostic angiography [12]. Complication rate is generally low [13]; reported
complications include post-embolization syndrome (fever, pain, malaise), nerve
palsy, subcutaneous or muscle necrosis, ischemic pain (usually transitory), infec-
tion, and tumor bleeding [14].

25.2 Embolization for Benign Tumors of the Sacrum

Osteoid osteomas, osteoblastomas, and hemangiomas have been reported to
respond positively to embolization [15]. Preoperative embolization for hemangio-
mas provide for reduced blood loss intraoperatively [3]. Two well-known lesions,
that may arise rarely in the sacrum but their management poses almost always a
challenge for the surgeons, are aneurysmal bone cysts (Fig. 25.1) and giant cell
tumors (Fig. 25.2). In these cases, surgery is often technically difficult and compli-
cated by extensive hemorrhage and neurological compromise. Additionally, radio-
therapy produces a limited benefit and is associated with a risk of postradiation
sarcomas; moreover, radiation therapy should not be administered for benign
tumors. Treatment is further complicated by the high rate of recurrence of these
tumors. If however, these lesions are embolized prior to resection, a significant
decrease in the preoperative blood loss is noted, facilitating surgery and offering
better outcomes [15-18]. Embolization has also been used for palliation of pain
related to unresectable aneurysmal bone cysts and giant cell tumors, where other
modes of therapy have failed [15]. Embolization can also be the primary treatment
option for these lesions as well [19, 20]. Current treatment of choice for spinal and
sacral giant cell tumors is considered the sequel of preoperative arterial emboliza-
tion, complete surgical removal, and postoperative denosumab; serial emboliza-
tion, along with denosumab and radiation therapy, is also a treatment option for
patients with unresectable tumors or at high risk for surgery [21]. Overall, the
recurrence rate after embolization for aneurysmal bone cysts and giant cell tumors
lesions is low, and when recurrence occurs it can be managed safely and usually
successfully with repeat embolization.
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Fig.25.1 An 11-year-old girl with external popliteal nerve deficit of 10 days duration. (a, b) Axial
CT of the sacrum showed an osteolytic lesion involving the sacroiliac joint; biopsy showed aneu-
rysmal bone cyst. (¢, d) Digital subtraction angiography shows the high pathological vasculariza-
tion originating from the pathologic feeding vessels of the tumor; NBCA embolization was done.
(e) CT of the sacrum at 2-month follow-up because of persistent pain; a second NBCA emboliza-
tion was done (f) CT of the sacrum at 3-month follow-up after the second embolization show
partial ossification of the tumor. (g) CT at 1-year follow-up show almost complete ossification of
the tumor; the patient is asymptomatic

Serial embolization is typically performed at 4—6-week intervals until symptom-
atic improvement occurs, or the tumor’s vascularity disappears. Success of emboli-
zation is confirmed clinically by improvement of pain or with imaging using
post-procedural angiography, MR imaging, or CT. Lesion ossification after emboli-
zation of aneurysmal bone cysts is considered a treatment success. Recurrence of
symptoms should be evaluated with MR imaging, CT, or angiography. If there is an
increase in tumor size or evidence of increased vascularity, then embolization
should be repeated [15]. Puri et al. [22] consider serial embolization for benign
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Fig. 25.2 (a) Axial CT of the pelvis of a 30-year-old man with a giant cell tumor of the sacrum.
(b) Digital subtraction angiography shows the pathological tumor vascularization. (¢) Digital sub-
traction angiography after NBCA embolization shows complete occlusion of the pathological
tumor vessels

sacral tumors that extend above S3, in order to retain bladder and bowel control and
minimize neurological dysfunction, in patients with preoperatively intact bladder
and bowel function. In these cases, supplementary administration of parenteral
bisphosphonates could be proved beneficial [22].

25.3 Embolization for Primary Tumors of the Sacrum

The complexity of the sacral neuroanatomy and its close relationship with vital
organs adds additional challenges in the treatment of malignant tumors of the
sacrum. Their management is governed by an interplay of complex factors, which
includes their pathology, the extent of the disease, and presenting neurological
symptoms [22]. Embolization has been used for such tumors as an adjunct to sur-
gery, chemotherapy, and radiation therapy, or as palliative treatment [3]. Some
tumors arising from the neural elements of the sacrum such as presacral schwan-
nomas, neurofibromas, sacral meningiomas, malignant peripheral nerve sheath
tumors, and intradural spinal tumors often are vascular and therefore responsive to
embolization [22, 23]. In these cases, preoperative embolization is a useful adjunct
to surgery to reduce blood loss during surgery and facilitate resection [22, 23]. In
a recent study [23], the authors embolized preoperatively giant sacral neurogenic
tumors, with a mean tumor size of 17.5 cm. All surgical procedures were per-
formed through a single posterior approach, though most of the tumors were
located above S3 level. The low recurrence and mortality rates, as well as the good
functional outcome, were attributed to the preoperative embolization, which also
facilitated surgeons’ access to the tumor mass through a single posterior approach
in all cases.

Chordomas are rare, slow-growing primary malignant bone tumors, thought to
originate from embryonic remnants of the primitive notochord. They arise at the
midline of the axial skeleton, most commonly at the sacrococcygeal (30-50%)
region. Wide en bloc resection with tumor-free margins is considered the key to
successful treatment. However, the special anatomic characteristics of the
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sacrococcygeal region, and the tumor’s invasive nature, allow for a marginal or an
intralesional tumor excision, rather than a wide one. Reducing the blood loss during
the operation is a measure that could help the surgeon remove the tumor en bloc. In
a recent study [24], the authors performed transcatheter arterial embolization of the
main arteries that supplied the sacral chordomas. They reported significantly low
intraoperative blood loss, and good functional outcomes with acceptable recurrence
and mortality rates. These authors advocated that preoperative embolization can
significantly decrease intraoperative blood loss, make the surgical field clear, pos-
sibly eliminate the need for using an anterior approach, and facilitate the maximal
removal of the sacral chordoma [24].

25.4 Embolization for Metastases of the Sacrum

The spinal column is the most common site for metastatic bone disease, with an
incidence of spinal metastases of about 20 times higher than that of primary spi-
nal tumors [25]. If not all, most of the metastatic bone tumors are hypervascular;
some are highly hypervascular due to angiogenetic factors, cytokines, and bone-
resorbing factors being produced, which also contribute to bone failure. The
hypervascularity of the metastatic tumors does not apply though universally.
Tumors of typically high hypervascularity such as renal and thyroid, not rarely,
have been found with low vascularization, whereas tumors considered non-
hypervascular, such as lung and breast, have shown hypervascularity [26]. These
observations emphasize the need of careful patient selection and a treatment
strategy plan. Apart from the abovementioned spinal metastatic tumors, emboli-
zation has been also reported in metastases from melanomas, pheochromocyto-
mas, and sarcomas, as well as from colon, prostate, uterus, ovarian, hepatobiliary,
gastric, pancreatic, parotid, and lacrimal gland cancer and cancer of unknown
origin [25, 26]. In general, embolization can serve as a palliative, as well as an
adjuvant preoperative treatment in metastatic disease of the sacrum [20, 25]. It
may successfully reduce intraoperative blood loss, improving surgeons’ visibil-
ity and accessibility to the tumor, therefore, facilitating curettage, and reduce
intraoperative morbidity and complications (Fig. 25.3). Preoperative emboliza-
tion can also reduce the size, arrest tumor growth, alleviate pain, and shorten
hospital stay [15].

There is lack of evidence in literature, however, regarding the outcomes of pre-
operative embolization in metastatic tumors of the sacrum [14, 15, 20, 25]. This
could be attributed to the fact that surgical resection of a sacral metastasis consists
a great risk accompanied with major complications and doubtful clinical benefits
for the patient. Palliative embolization, on the other hand, has been reported as a
satisfactory therapeutic alternative for these patients [14, 15, 20, 25]. Recently,
Facchini et al. [25] reported good results in a large patient series with spinal metas-
tases treated with N-2-Butyl-cyanoacrylate (NBCA) embolization. A fifth of patients
had metastases of the sacrum, and good or moderate clinical response was noticed
in 97% of the patients. Interestingly though, five patients, who showed no response,
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Fig. 25.3 A 63-year-old man with a painful sacroiliac metastasis from renal cancer originating at
a transplanted kidney. (a, b) Digital subtraction angiography shows extensive tumor vasculariza-
tion. (¢, d) Digital subtraction angiography after NBCA embolization shows occlusion of the
tumor vessels. (e) CT of the pelvis and sacrum at the time of embolization. (f) CT of the pelvis and
sacrum at the 12-month follow-up show complete ossification of the metastatic lesion; the patient
is asymptomatic
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were patients with metastases of the sacrum. The mean duration of pain relief was
9.2 months, and for the patients who experienced recurrent intense pain similar to
pre-embolization pain, the embolization was repeated one or two more times with
significant pain relief and reduction in analgesics at the last follow-up. The authors
concluded that embolization with NBCA should be considered for pain palliation of
patients with metastases of the spine and sacrum, as it is a safe and effective
procedure.

25.5 Palliative Embolization

The exact mechanism of pain relief following embolization is still unclear. In
1979, Chuang et al. [27] suggested that especially in hypervascular neoplasms the
vascular occlusion decreases the size of the tumor and slows its progression.
Subsequently, there is a decrease in the pressure of expansion or in the stretching
of the periosteum, which contains the nerve fibers that are responsible for pain.
This theory remains the only viable explanation of the pain relief mechanism of
embolization [14]. The palliative properties of this technique can be extended in
primary sacral sarcomas as well. In a recent study [28], selective embolization has
been used for palliation of pain in patients with locally advanced sarcomas. In this
cohort, patients with primary sacral sarcomas, recurrent or unresectable, responded
satisfactory to this treatment with almost complete or moderate pain relief, along
with a minimum 50% reduction of daily analgesic doses. Therefore, embolization
should be recommended as a safe and effective local palliative treatment, provid-
ing optimum pain relief and improving the quality of the remaining life of these
patients, by offering the least discomfort with the minimum possible complica-
tions [28].

In the question, which factors should be taken into consideration as predictors
of the success of an embolization, the answer is the tumor’s vascular properties
before and after embolization (the tumor’s vascularity, the completeness of the
occlusion, and the availability of collateral circulation) along with the use of the
appropriate embolic agent [25, 27, 28]. Therefore, selective and superselective
embolization of the pathological tumor feeding vessels may provide for successful
embolization.

Pain relief after embolization may be temporary; however, it occurs rapidly.
Indeed, the pain-free period may averagely last 8-9 months; however the patients
are relieved immediately, as soon as 12 h up to several days after the embolization
procedure, usually within the first week from the procedure; this rapid response, of
course, outmatches other methods, such as radiotherapy and chemotherapy [14, 25,
28, 29]. Tumors’ size should not be considered when planning an embolization pro-
cedure, since it does not seem to affect the outcomes [25]. Therefore, embolization
can be proved superior to thermal ablation and cryoablation as well, because sacral
tumors are usually large, and ablations should be performed only in painful lesions
of <3 cm of maximum diameter. Sacral tumors are also very close to neurovascular
bundles; therefore, they cannot be adequately ablated, due to the risk of injuring
those fine tissues [28].
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25.6 Complications

Common embolization-related complications in most patients include nausea, eme-
sis, low-grade fever, and pain, which usually last 3—7 days; this is known as post-
embolization syndrome that has been reported in 18—-86% of cases [14, 15]. The rates
of major post-embolization complications are low ranging from 1 to 2%, or less [14,
29]. Ischemic neuropathy can result in motor and sensory deficits in the pelvis and
lower extremities, and it is a potential complication of any pelvic embolization.
During pelvic embolizations through the iliac artery and its major branches, isch-
emic neuropathies of the sciatic and femoral nerves may occur if neural vessels were
occluded. To prevent these complications, the posterior branch of the internal iliac
artery and the inferior gluteal artery must be spared at embolization. Complications
related to the embolic agents have also been reported. Additionally, the neuraxis or
the sacral plexus of nerves can be injured. Therefore, care must be taken to identify
and avoid embolization of the neurovascular anatomy. Rectal ischemia can result
from superior hemorrhoidal artery embolization. Any embolization of sacral tumors
may result in injury to nontargeted tissue including muscle infarction, injury to the
skin, or injury to the colon or other organs [14, 15].

25.7 Embolic Agents

Gelfoam, polyvinyl alcohol (PVA) particles, liquid (absolute alcohol), coils, tissue
adhesives, ethanol, microfibrillar collagen, and autologous blood clot have been
used as embolic agents [14]. Major considerations for choosing an embolic agent
are speed and reliability of delivery, duration of occlusive effect, and preservation of
normal tissue [14]. Operator’s experience plays a key role in the embolization pro-
cedure and embolic agent selection. For distal location or lesions supplied by mul-
tiple feeding vessels, embosphere particles can be used. Their advantages include
compressibility, allowing easy passage through a microcatheter with a luminal
diameter smaller than that of the spheres and more uniform in size than poly-vinyl-
alcohol (PVA), and the particle size does not change in liquids [30]. Coils are per-
manent embolic agents that come in a variety of shapes and sizes. In general, they
are easy to see, control, and deploy. They are typically used for occlusion of larger
vessels and cause complete occlusion equivalent to surgical ligation. In managing
hypervascular bone tumors, however, there have been reports of being ineffective
because the rich vascularization of these lesions can open collateral channels within
hours after the procedure [31-33]. Stainless steel-fibered and platinum coils are
usually reserved for single- and large-vessel occlusion. Prior to particulate or liquid
embolization, coils may be placed to protect the distal vasculature from these agents
[30]. For multiple lesions, distal location or lesions supplied by numerous collateral
(accessory) blood pathways, particles can be used. However, injection of particles is
not precise and may be difficult to deliver through small microcatheters or through
tortuous anatomy. In addition, the particles themselves are not radiopaque, making
fluoroscopic documentation of their site of occlusion impossible [20, 27]. Moreover,
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if particles are used, their size has to be adjusted to the diameter of potential col-
lateral vessels and shunts because these entities are often present in hypervascular
malignant bone tumors [9, 32, 33]. Gelatin sponge is a dissolvable material that is
available in small, flat, rectangular blocks that can be cut with scissors into elon-
gated rectangles and rolled into pledgets, which can then be injected by catheters or
microcatheters. It is considered a temporary occluding agent, with the occluded
vessel recanalizing in 2-4 weeks [28]. Once stasis or near stasis has been achieved
with the sponge, many interventional radiologists use coil embolization for final and
complete vessel occlusion [30].

Liquid embolic agents including absolute alcohol, NBCA, Ethibloc (Ethicon,
Norderstedt, Germany), sodium tetradecyl sulfate, and Onyx (Micro therapeutics,
Irvine, CA, USA) offer advantages of low viscosity for easy injection through small
catheters or catheters with many bends through tortuous blood vessels [3, 20].
NBCA or “liquid glue” is a liquid embolic agent that spreads according to its polym-
erization time and the vascular flow. Although NBCA can pass through bent cathe-
ters, thus navigating tortuous blood vessels, it does not permeate all the way to the
capillary level and therefore does not cause tissue death. Another distinct advantage
of NBCA with Lipiodol, compared with particles, is its dense radiopacity [20, 28].
Thus, its exact site of occlusion can be observed and documented. Moreover, it can
be used in patients with clotting pathologies. This characteristic decreases the risk
of organ ischemia, which could cause tissue death in the organ [20, 27]. Bolus
administration of small doses (0.1-0.2 mL) of sandwiched NBCA under fluoro-
scopic control, followed by arteriography provides for the efficacy and safety of the
procedure. N-2-Butyl-cyanoacrylate, according to some investigators, is considered
as the most appropriate embolic agent for controlled and permanent occlusion of the
target vessels and subsequently completes tumor devascularization [13, 34].
Embolization is considered technically complete when there is stasis of intravascu-
lar contrast material and either complete elimination of the tumor’s hypervascular
staining, or 80% or greater elimination of the tumor pathological vasculature com-
pared to the initial diagnostic angiogram [11]. If occlusion is not complete or more
feeding vessels were observed, the procedure can be repeated in the same method.

Conclusions

Embolization should be considered as a primary, adjuvant, or palliative treatment
for primary benign, malignant, and metastatic tumors of the sacrum. The proce-
dure is effective and safe. The effect is immediate; if persistent of recurrent,
embolization can be safely repeated. There have been also reports of inoperable
tumors that became resectable after palliative embolization. However, life expec-
tancy is not influenced by embolization therapy, and this is not surprising owing
to the fact that embolization only targets a portion of the tumor burden aiming to
improve the quality of life of musculoskeletal tumor patients. Pain relief on the
other hand is usually temporary; however, the patient can be relieved almost
immediately from pain, and it is a safe method that can be repeated more than
once, until clinical response is met. Complications do occur. However, when
embolization is planned carefully and the pathological vessels are occluded
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selectively and super-selectively, they occur rarely. Most complications are
related to the post-embolization syndrome that usually resolves completely
within several days or some weeks. Other major complications are uncommon.
Nevertheless, strict adherence to the principles of arterial embolization is recom-
mended for achieving simultaneously the most of the desired clinical response
with the least adverse effects.
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26.1 Introduction

A wide array of tumors can occur in the sacrum. Benign tumors include giant cell
tumors (60%), aneurysmal bone cysts (4%), and osteoblastomas [1]. Malignant
tumors of the sacrum include chordomas (50%), hematopoietic malignancies
(lymphoma and multiple myeloma, 18%), Ewing’s sarcoma in children (8%), chon-
drosarcoma, and osteosarcoma [2]. However, the most common malignancy to
occur in the sacrum is represented by metastatic tumors [3]. The most frequently
implicated primary cancers include breast, lung, prostate, renal and thyroid, lym-
phoma, melanoma, and tumors of unknown origin follow, but are less common
primary locations [4-9]. Spread is mainly by hematogenous dissemination, although
direct extension in case of recurrent rectal tumors and drop metastases of intradural
tumors have been also described [8, 9]. Sacral metastases are usually diagnosed in
advanced stages, when they have already extended beyond bony margins and around
sacral nerves and other surrounding structures [3, 10]. They generally grow insidi-
ously causing ambiguous symptoms in the early stages, thus frequently resulting in
a delayed diagnosis.
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Patients may live with cancer for many years [11]. Their most common symptom
is pain, which may be local, mechanical, or radicular in nature. This is typically fol-
lowed by a progressive neurological deficit, eventually leading to bladder, bowel, and/
or sexual dysfunction [12-14]. The treatment of sacral metastatic lesions is usually
palliative, aiming primarily at pain control and preservation of neurological function
[8, 9, 15-30]. The goal of palliative therapy is the prompt and cost-effective relief of
symptoms, thus improving function and quality for the remainder of the patient’s life,
with as little treatment-related morbidity as possible. Palliative care is not restricted to
terminally ill patients and is an important aspect of overall cancer management.

There is a paucity of studies dealing with the management of sacral metastases,
since most papers refer to primary sacral tumors [8, 9, 15-30]. There is also no
consensus or precise strategy algorithm as to which method is the most appropriate,
making management highly individualized on a patient-to-patient basis, depending
to an extent on institutional preferences. The modalities commonly employed
include radiotherapy and stereotactic surgery, surgical debulking, sacroplasty,
embolization, various ablation techniques, and electrochemotherapy.

26.2 Radiotherapy

Radiotherapy is frequently chosen as a first-line initial therapy for radiosensitive
sacral metastases, in patients without evidence of spinal instability or acute neuro-
logical deterioration, where pain reduction and neurological improvement are
attainable [31, 32]. In fact, palliative radiotherapy as a first-line intervention for
spinal metastasis has been the mainstay of management since the late 1960s, after
several authors compared radiotherapy with laminectomy, finding no significant dif-
ference in patient outcome [33-35]. It must be taken into account that radiosensitiv-
ity varies among primary cancer types. In general, prostate and lymphoid tumors are
radiosensitive; breast cancer is 70% sensitive and 30% resistant, whereas gastroin-
testinal tumors, renal cell carcinomas, and melanomas are radioresistant [3].
Radiation doses of 30-50 Gy are indicated for palliation with minimal associated
risk. Dose fractioning is controversial. Cummings et al. [36] reported no differences
in survival, duration of symptomatic response, and progression-free survival in a
heterogeneous group of patients who underwent 50-60 Gy radiotherapy compared
with conventional fractions to less than 50 Gy or by a hyperfractionated regimen of
44 Gy delivered in 1-Gy fractions, four times daily for 14 days. To achieve higher
doses, specialists at the Harvard Cyclotron Laboratory used a combined treatment
of X-ray and proton-beam radiation therapy [37].

Conventional radiotherapy for spinal metastasis is delivered through simple por-
tals to doses of 30—40 Gy in 2- to 3-Gy fractions. For isolated sacral lesions, an
opposed anterior posterior field is typically used, encompassing one or two verte-
bral segments above and below the lesion. Alternatively, a three-field arrangement
with two lateral portals and a single posterior field is used to spare anterior pelvic
structures. A single posterior field arrangement is generally avoided for sacral
lesions, particularly if lower energy beams are used, because the treatment depth
will vary along the sacral hollow [38].
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26.3 Stereotactic Radiosurgery

Stereotactic radiosurgery has been initially established as a safe and effective treat-
ment modality for intracranial lesions. Precise tumor localization was achieved by
fixation of stereotactic frames to the patient’s skull [1]. Spinal stereotactic radiosur-
gery (SRS) is an emerging form of radiotherapy, which allows more precise radia-
tion delivery and high-dose hypofractionation. SRS makes it possible to administer
a tumoricidal radiation dose even for radioresistant tumors, with minimal exposure
of the surrounding normal tissues. Current commercial spinal SRS systems include
the CyberKnife® (Accuray Incorporated, Sunnyvale, California, USA) and Novalis®
(BrainLAB, Heimstetten, Germany) [3]. These systems consist of a lightweight lin-
ear accelerator mounted on a robotic arm, also incorporating an X-ray imaging
feedback system. Spatial accuracy can be achieved in a frameless manner, with real-
time imaging tracking. The patients are fitted with a custom body mold for immobi-
lization, and fiducial markers (self-retaining tacks or self-tapping screws) are
implanted via stab incisions in the sacrum in an ambulatory setting [38]. Unlike
conventional radiation therapy in which a full dose is delivered to both the vertebral
body and the spinal cord or cauda equina, the CyberKnife® can deliver a high-dose
single fraction to the target tissue while sparing most of the adjacent neural ele-
ments, thus significantly reducing the possibility of radiation-induced myelopathy
or injury to the nerve roots. This is the main advantage of stereotactic radiosurgery
for treatment of many spinal and sacral tumors [39]. Recently, in an attempt to obvi-
ate the need for invasive fiducial marker insertion, a new tracking algorithm for
fiducial-free tracking of spine and sacral lesions has been introduced for the
CyberKnife® system [40].

26.4 Surgery

Metastatic disease to the sacrum is mostly treated nonoperatively with radiation,
chemotherapy, embolization, or other palliative modalities. However, there are cir-
cumstances in which these therapies fail and surgical intervention is warranted.
Whether surgery can be beneficial for these patients is not clearly defined [9]. Care
must be taken in the decision making process, as sacral resections are challenging
operations with a high incidence of potential complications, in a patient with an
already limited life expectancy and compromised general health status [41]. On the
other hand, resective surgery in carefully selected patients with sacral metastases
may result in a palliative benefit. If pain derives from overt mechanical instability,
as a result of structural failure of the lumbosacropelvic junction, it is unlikely for
nonsurgical measures to have substantial benefit [9]. In such cases, stabilization
with a modified Galveston technique can offer symptom control and improvement
of ambulatory function [42].

Primary tumor type is also a variable that must be taken into account. Breast and
prostate cancer are generally quite responsive to nonsurgical therapies, making sur-
gery a rarely necessary therapeutic option, whereas lung, gastrointestinal, renal cell
cancer, and melanoma tend to respond poorly to medical treatment [9]. Histology
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and overall tumor burden should be considered as well. For example, removal of
secondary lesions of renal cell carcinoma tends to be associated with an increase in
overall survival. A minimal disease burden (single-site metastasis) may signify that
there is a greater change for surgery to achieve definitive local control [9].

Once a decision for surgery is undertaken, its extent should take into account
tumor location in the sacrum. The majority of sacral metastases involve the S1-S3,
making en bloc resection too morbid a procedure to undertake for palliation. In
such cases, aggressive intralesional resection is preferred. If the distal sacrum is
involved, en bloc resection with preservation of the S1-S3 nerve roots may be
feasible [15, 43, 44]. Wound healing is another potential issue of surgery. As soft
tissue coverage in this territory may be challenging, plastic surgery feedback is
frequently necessary [45].

26.5 Sacroplasty

Sacroplasty is gaining favor in cases of metastatic disease without instability or
neurologic compromise and represents a minimally invasive alternative to open
procedures [46]. Mostly described in the degenerative/osteoporotic literature,
sacroplasty has also been examined as a palliative option for metastasis-related
insufficiency fractures [47-50]. The technique of sacroplasty is similar to vertebro-
plasty. Preoperative evaluation consists in obtaining a CT and/or MR imaging scan.
The procedure may be done under local or general anesthesia. Image guidance is
usually achieved by single-plain fluoroscopy. However, as exclusive fluoroscopy
guidance might cause difficulty in visualizing the sacral foramina, many authors
advocate for the use of a CT-guided approach [25]. This better defines spatial rela-
tionships within the treatment field and aids in preventing iatrogenic injury. A com-
bination of the CT and fluoroscopic guidance may be the best alternative at present,
allowing for both precise needle placement and real-time visualization of cement
delivery [51]. Needle entry points are dictated by the fracture plane and conforma-
tion; cement is then injected under direct fluoroscopic vision to ensure maximal
bony penetration and to prevent extravasation [49]. Sacral cement augmentation is
not without risk. Potential complications of sacroplasty include hemorrhage, infec-
tion, durotomy with cerebrospinal fluid leak, direct injury of nerve roots or the
lumbosacral plexus, ectopic cement injection (into the sacroiliac joint), migration,
and embolization. Although cement migration is generally inconsequential, it
might occasionally cause nerve root compression and radiculopathy, requiring
decompression [49].

26.6 Selective Arterial Embolization

Embolization of sacral tumors is a useful, minimally invasive, palliative adjuvant
therapy that may also aid in surgical management. Preoperative embolization of
hypervascular metastatic lesions reduces intraoperative blood loss and improves the
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surgeon’s ability to subsequently perform surgical resection. Studies have shown
that embolization may cause tumor growth arrest, pain alleviation, and shorter hos-
pital stay [52-54]. The timing of preoperative embolization is also important.
Typically, best results are achieved when surgery is performed within 2448 h after
embolization [55, 56]. Serial embolization can also be performed, if there is persis-
tent pain and/or evidence of progressive disease on imaging. This has been shown
to lead to tumor devascularization, tumor size reduction, calcification of margins,
and consistent pain relief [57-59]. Serial embolization is typically performed in
4-6-week intervals until symptomatic improvement occurs or the tumor’s vascular-
ity disappears. Unless there is a clear indication for general anesthesia, most proce-
dures are performed under light conscious sedation. Arterial approach is determined
based on lesion location and most often is the common femoral artery using a
Seldinger technique. Commonly, a sheath is placed and standard 4 French or
5 French angiographic catheters are used for main arterial selection, and a 3 French
microcatheter for subselectivity. A diagnostic angiogram is performed from a major
vessel to delineate vascular supply to the tumor and to identify vessels of potential
concern that may result in nontarget embolization. Typically, microspheres of
100-700 pm are used because of their ease of delivery, range of available sizes, and
lower potential for recanalization. Sponge gel, once the embolic agent of choice,
has now fallen in disuse, because of its temporary nature and propensity for recana-
lization. Coils are avoided as an embolic agent for tumor vessels, because re-
treatment may be necessary and blocking access sites should be avoided. Completion
of the procedure is determined by complete loss of tumor blush compared with the
initial diagnostic angiogram [60]. Complication rate is generally low [61]. Risks of
the procedure include nerve palsy, subcutaneous or muscle necrosis, post-
embolization syndrome (fever, pain, malaise), ischemic pain (usually transitory),
infection, and tumor bleeding [62].

26.7 Radiofrequency and Other Ablation Techniques

Over the past few decades, percutaneous ablation has emerged as an effective, mini-
mally invasive, local treatment alternative to conventional methods, aiming to pro-
vide either palliation of painful bone lesions or local control of oligometastatic
disease. Various image-guided ablation techniques have been applied to the treat-
ment of bone metastases with varied levels of published evidence [63—67]. Thermal
ablation methods include radiofrequency ablation (RFA), cryoablation, microwave
ablation, laser ablation, and more recently MR imaging-guided focused ultrasound
(MRgFUS) [63].

Radiofrequency ablation uses high-frequency alternating electrical current
(200-1200 kHz) produced by the electrode. Many of the newer RFA devices utilize
bipolar technology, eliminating the need for grounding pads, necessary in the past
to avoid soft tissue burning. The alternating electrical current causes ionic agitation
with subsequent frictional heat. The heat generated causes coagulative necrosis,
with irreversible cell damage typically occurring between 60 and 100 °C [64, 65].
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Some of the currently used RFA devices for bone include OsteoCool® RFA system
(Baylis Medical, Burlington, Massachusetts), Dfine STAR® ablation system (Dfine,
San Jose, California), and UniBlate® RFA system (Angiodynamics, Latham, NY).
RFA cycles are typically 10-15 min long, depending on the size, shape, location,
and intrinsic characteristics of the tumor. RFA also has a cauterizing effect that
reduces the risk of bleeding. A limitation of RFA includes the inability to clearly
visualize the treatment zone during ablation. The active tips of the RFA probes can
be difficult to see on CT due to streak (beam-hardening) artifact. Frequently, mul-
tiple sequential, overlapping ablations are necessary to cover large lesions while
carefully maintaining an adequate safety margin adjacent to critical structures. Post-
procedural pain is also a concern [63].

Cryoablation techniques take advantage of the thermal properties of highly pres-
surized gases, typically argon or nitrous oxide. As the gas travels through the ther-
mal probe to the tip, the gas expands at the applicator tip causing the temperature to
rapidly drop. This is known as the Joule-Thomson effect, with temperatures of
—80 °C to as low as —160 °C possible. A temperature between —20 and —40 °C is
necessary and needs to persist 1 cm beyond the tumor periphery [66]. Some of the
cryoprobes currently used for cryoablation are produced by Endocare®
(Healthtronics/Endocare Incorporated, Irvine, California) and Galil Medical® (Galil
Medical, Arden Hills, Minnesota). Cryoablation has the advantage of smaller abla-
tion probes; it has the benefit of a clearly visible ablation zone (ice ball) during
ablation, which can be seen on CT, MR imaging, or ultrasonography. It is also
thought to have less post-procedural pain. More recently, newer probes offer post-
ablation cauterization, in order to reduce the risk of post ablation bleeding.

MRgFUS is a noninvasive thermal ablation method that uses extracorporeal-
focused ultrasound energy to heat and destroy tissues without the need for invasive
placement of applicators. This technology takes advantage of the bone’s high acous-
tic absorption of ultrasound energy to palliate pain, presumably through destruction
of periosteal innervation [67]. Evidence regarding MRgFUS of bone metastases is
limited but promising. Potential complications include skin burns and injury to
heat-sensitive structures, such as nerves and bowel.

26.8 Chemotherapy

Modern medical palliative chemotherapy regimens for painful bone metastases
mainly include bisphosphonates and denosumab. The usefulness of these two
classes of drugs derives from their ability to regulate osteoclast activity, each target-
ing a different component of the activation pathway. Bisphosphonates are an impor-
tant advance in supportive care of patients with bone metastases. They inhibit
normal and pathological osteoclast-mediated bone resorption by direct inhibition of
osteoclast activity by cellular mechanisms that affect osteoclast attachment, differ-
entiation, and survival. They also reduce osteoclastic activity indirectly, through
effects on osteoblasts. In 1995, intravenous pamidronate was approved to treat
patients with multiple myeloma or metastatic breast cancer, based on evidence from
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randomized controlled trials that pamidronate decreases the risk of skeletal compli-
cations [62]. In 2002, intravenous zoledronic acid was approved to treat patients
with multiple myeloma and bone metastases from any solid tumor including pros-
tate cancer [68]. Denosumab is a human monoclonal antibody for the treatment of
osteoporosis, induced bone loss, bone metastases, rheumatoid arthritis, multiple
myeloma, and giant cell tumor of bone. It is designed to target RANKL (RANK
ligand), a protein that acts as the primary signal to promote bone loss. Denosumab
was approved by US Food and Drug Administration (FDA) for use in postmeno-
pausal women with risk of osteoporosis in June 2010 (Prolia®) and for the preven-
tion of skeletal-related events in patients with bone metastases from solid tumors in
November 2010 (Xgeva®) making it the first RANKL inhibitor to be approved by
the FDA [62]. Direct comparisons of denosumab and bisphosphonates appear to
favor denosumab [69]. Potential drawbacks of both drug families notably include
the risk for osteonecrosis of the jaw and for the development of atypical femoral
fractures [70, 71].

26.9 Electrochemotherapy

Electrochemotherapy (ECT) is an anticancer therapeutic approach that enhances the
effectiveness of a chemotherapeutic drug due to increased uptake of the drug by
applying electric pulses to tumor tissue. Short intense electric pulses cause transient
and reversible permeabilization of the cell membranes, therefore increasing intra-
cellular access of otherwise nonpermeant or poorly permeant drugs [72]. Various
chemotherapeutic drugs have been tested, but bleomycin and cisplatin were found
to be the most suitable for clinical use in electrochemotherapy [73]. Currently, ECT
is used in treatment of cutaneous and subcutaneous tumors of different histological
types with response rate of 84.1% and long lasting complete responses rate of
59.5% [74]. ECT is now being used predominantly in Europe, where there are cur-
rently 16 countries with at least one clinical center offering it to its patients, espe-
cially Italy and Germany [75]. Even though, current focus of ECT is on skin nodules,
efforts are being made to apply the procedure on deep-seated solid tumors and bone
metastasis. Fini et al. demonstrated the effectiveness of the procedure in the treat-
ment of bone metastases in rats [76]. Currently, a phase I-II clinical trial has been
approved and is ongoing at the Istituto Ortopedico Rizzoli, Bologna, Italy, in order
to assess safety and feasibility of ECT on bone metastases. Preliminary results on
this technology are encouraging [77].

26.10 Pain Management

Appropriate and effective use of pain medication is another crucial aspect for the
palliative management of painful bone lesions. Prudent use of opioid analgesics is
paramount. Every opioid prescription must include a provision for breakthrough
pain. Adjuvant pain medications may improve pain management and reduce
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potential opioid toxicity. Nonsteroidal anti-inflammatory drugs (NSAIDS) are
most useful in a patient with moderate bone pain. They should not be used by frail
elderly patients with renal failure or previous peptic ulcer disease. Steroids are the
choice for treatment of short-term relief from bone pain, as they can be given
parenterally and act within 24-48 h. A dose of 4-16 mg of dexamethasone is typi-
cally used in palliative pain management. Cannabinoids are also helpful against
cancer pain [78, 79].
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Radiation Therapy for Primary 2 7
Malignant Sacral Tumors

Joseph H.Schwab and Francis J. Hornicek

27.1 Introduction

Radiation therapy continues to evolve and play an ever larger role in the manage-
ment of primary tumors of the sacrum. Radiation therapy has become much more
precise, and the principle advances in radiation have been in the sparing of normal
tissues around tumors. Highly conformal photon radiation, carbon ion radiation,
and proton radiation are all the so-called high precision radiation delivery meth-
ods. This relative sparing allows much higher doses to be delivered to the tumor
rendering previously “radiation-resistant” tumors susceptible to radiation effects.
Chondrosarcoma and chordoma have the reputation for being radiation resistant
and both are commonly found in the sacrum. However, the literature continues to
expand with reports of good local control with radiation as an adjuvant to surgery
and, in some cases, as stand-alone treatment. However, the side effects of radiation
increase as the dose increases. Even though there is relative sparing of normal tis-
sue, there continues to be off-target effects and the true side effect profile for high
precision radiation therapy is not known.

27.1.1 History

Radiation as method of treatment for cancer has been used since Roentgen first
introduced X-rays as a diagnostic tool. Initially, radiation as a therapy was delivered
in one treatment session similar to how it was used as a diagnostic tool. However,
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short-term complications such as skin slough tempered the initial enthusiasm for
radiation as a therapy. At that time, the most immediate outcomes were that of com-
plications and the concept of radiation-resistant tumors was not yet discussed. In
order to avoid short-term complications, radiation oncologists started delivering
radiation in divided doses to help prevent local complications. The divided dose or
fraction is allowed for the normal structures to recover from the off-target effects of
radiation delivery. The downside of fractionating radiation is that the tumor cells are
also allowed to recover. Radiation oncologists began developing other methods of
protecting normal structures such as changing the angle which radiation entered the
body. This allowed some of the off-target effects of radiation to be shared by other
normal structures rather than delivering to the same structures as it had been done
initially. Even with these changes the total dose of radiation was limited by the off-
target affects seen in sensitive structures such as the lining of the alimentary track or
the skin. For axial tumors, the spinal cord was a rate-limiting structure owing to the
known toxicity manifested in the spinal cord after 50 Gy of radiation. Most studies
using radiation for primary bone tumors did not exceed doses of 40 Gy, and this
proved to be an ineffective dose for most primary malignant bone tumors, which is
why radiation has the reputation for being an ineffective salvage in cases where
surgery has failed or thought impractical to apply. The so-called radiation-resistant
tumors are actually resistant only at the doses historically delivered since all cells
are susceptible to radiation when high enough doses are used. The principle advance
in radiation therapy has been minimizing the off-target effects on normal structures;
thereby allowing the radiation oncologist to increase the doses of radiation used.

27.1.2 Photon Radiation

Photon radiation is the most common type of radiation used to treat cancer, and it is
the same type of radiation used in diagnostic X-rays. Photon radiation is most com-
monly produced by a linear accelerator in which alternating electromagnetic waves
are used to accelerate elections towards a target. Conventional radiation therapy
using photons was introduced previously, and it is far and away the most common
type of radiation used today to palliate cancer. Many advances have been made to
conventional radiation that enable the more precise delivery of the electrons. One
means by which precision has been improved is by the use of real-time three-
dimensional imaging such as en suite computed tomography. This allows for highly
accurate depictions of the target. The patient and the target (tumor) are necessarily
held in position and motion is limited to the greatest degree possible by using vari-
ous harnesses and positioners. Most modern radiation suites place patients on a
table, which can be moved in six plains in order to maximize the effectiveness of
having imaging capacity. These methods help to localize the target and hold the
target into position. The beam of radiation is also rotated about a gantry, again to
help minimize off-target effects of radiation.

The beam of radiation can be further modified in order to maximize on target and
minimize off-target affects. The so-called intensity-modulated radiation therapy (IMRT)
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involves using smaller beams of radiation about the size of a number 2 pencil.
The radiation oncologist can modulate the energy delivered in each beam to help
protect normal structures. Computer software has greatly facilitated this method of
treatment. In fact, IMRT uses what is known as reverse planning where the dose
delivered to the tumor is planned first. The software then helps decide how to deliver
the radiation while sparing normal structures by modulating the beams of radiation
utilized. The net effect is to allow higher doses of radiation to be used because radiation
deliver is much more precise with tolerances of 2-3 mm when the target can be fully
immobilized [1].

27.1.3 Carbon lon Radiation

Unlike photon radiation, carbon ion radiation relies on accelerating carbon to nearly
70% of the speed of light. The principle advantage of carbon ion therapy is that the
amount of radiation delivered increases with depth into the patient and then drops
off precipitously in what is known as a Bragg peak. This is in contrast to photon
radiation in which higher entry doses are seen which gradually taper off until the
radiation passes through the target. There is both a high entry dose and a relatively
high exit dose with photon radiation, whereas there is a smaller entry dose and
essentially no exit dose with carbon ion therapy. The location of the Bragg peak can
be adjusted based on where its effect is most needed. The lack of an exit dose and a
smaller entry dose allow the total dose to the target to be increased when compared
to conventional photon radiation. The principle disadvantage of carbon ion therapy
is that a specialized facility is required for its delivery. The costs of these facilities
are high. Carbon ion facilities exist in Japan and several are in use or under develop-
ment in Europe [1].

27.1.4 Proton Radiation

Proton radiation relies on the acceleration of protons and, similar to carbon ion, the
radiation dose has a Bragg peak pattern rather than a gradual drop off with depth
seen with conventional photon radiation. It is the Bragg peak that allows for higher
doses of radiation to be used as there are no exit doses which limits the off-target
affects of radiation. Similar to carbon ion facilities, proton accelerators are costly to
build but there are now over 20 facilities in the United States either in use or in
development [1].

27.2 Radiation in Primary Malignant Tumors of the Sacrum

Chondrosarcoma and chordoma are the most common primary malignant tumors of
the sacrum and both of them are considered radiation resistant. However, most
reports of radiation in these sacral tumors were from retrospective studies in which
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radiation was used as a means to control positive margins or after local failure.
Furthermore, the dose of radiation seldom exceeded 50 Gy owing largely to the
inability to deliver radiation in a more conformal manner [2-6].

27.2.1 Carbon lon Radiation for Chordoma

Carbon ions have been used in Japan to treat chordomas in the sacrum, where some
centers are treating sacral chordomas with carbon ions alone. A recent study out-
lined the oncologic results of patients with sacral and lower lumbar chordomas
treated between 64 and 74 Gy with a median follow-up of 62 months. The authors
describe grade 3 toxicity in the peripheral nerves in six cases and grade 4 toxicity
seen in two cases with 97% of the patients remaining ambulatory at the end of the
study. The 5 and 10 year local control rates were 77 and 52% with carbon ions alone
[7]. This study compares favorably to a surgical series from Mayo Clinic, where the
5 and 10 year local control rates were 59 and 46%. However, when one reviews only
those cases in which negative margins were obtained the local control rate was
100% [4]. A multicenter experience from Italy recently reported local control of
70% at 5 years, 54% at 10 years, and 44% at 15 years [8]. In that series of 99 chor-
domas, the benefits of a negative margin seemed to diminish over time with only
50% of the RO resections remaining without local failure after 15 years [8]. A study
from Germany reviewed 56 patients (41 primary and 15 recurrent) with sacral chor-
doma treated with carbon ion-based radiation with a median dose of 66 Gy. After
median, 25 months of follow-up actuarial local control was 76% after 2 years and
53% after 3 years [9]. This is in contrast to another study of 23 patients treated with
either proton or carbon ion with local control after 3 years of 94% reported [10]. The
results of carbon-based radiation appear to demonstrate some variability from center
to center with regard to local control. The same is true when one considers surgery.
Baseline variation in tumor size, patient characteristics as well as the experience and
technique of the radiation oncologists all likely play a role in this variability.

27.2.2 Proton Radiation for Chordoma

A recently updated phase 2 study of proton radiation in primary malignant tumors
of the spine and sacrum included 29 chordomas [11]. The data included patients
treated with surgery and proton radiation. The overall local control rate was 74%
after 8 years. Twenty-nine chordomas and 14 chondrosarcomas were included as
well as 7 other sarcomas. Patients who were treated for primary tumors did better
than patients who were being treated for a recurrence. Local control for primary
tumors was 85% [11]. In another series focusing on chordomas in the mobile spine,
en bloc resection was seen as advantageous over intralesional resection with regard
to local control (LC 72% vs. 55%) with a trend towards improved local control with
negative margins. Patients who had primary tumors treated with neoadjuvant radia-
tion and en bloc resection (n = 28) did not have a local recurrence [12].
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Definitive high dose proton radiation has been reported with good results. The
study initially included 24 patients treated with 77.4 Gy for chordomas in the
sacrum and spine. After 56 months, the local control rate was 79.8%.

The authors found that a larger tumor volume correlated with worse survival
[13]. A follow-up study including 40 patients followed for 50.3 months revealed an
local control rate of 85% [14].

27.2.3 Photon Radiation for Chordoma

Less has been written about the use of conformal photon radiation in sacral chor-
doma. Single fraction and hypo-fractionated, highly conformal photon radiation has
been used an adjuvant and as a stand-alone procedure. The largest experience is
from Memorial Sloan Kettering Cancer Center where they presented 24 cases and
followed for a median of 24 months with an local control rate of 95% [15].

27.3 Complications

The most common complications reported after surgery in combination with high
dose radiation is a postoperative wound infection with rates between 20 and 60%
reported in the literature [16]. Most centers now employ local soft tissue rotational
flaps to help mitigate the risk of infection. Another complication that has not been
written about as frequently is that of insufficiency fractures. In a report of 62 patients
treated with en bloc sacrectomy combined with high dose proton-based radiation
revealed an overall fracture rate of 47% and a 76% fracture rate in high sacrecto-
mies. Most of the fractures occurred within the first 12 months of treatment [17].
Unlike most other insufficiency fractures that one might see secondary to osteopo-
rosis, the fractures associated with high dose radiation do not heal normally and can
present a vexing problem.

Skin breakdown and peripheral nerve dysfunction have both been reported
although they are relatively rare. However, it is known that many of radiation’s
untoward effects occur years after treatment, and it is unclear how well we are sur-
veying patients for these types of complications. For instance, how well are we
detecting bowel, bladder, and sexual dysfunction in patients who have been treated
with radiation alone? Yet, the treatment calls for radiating areas with sympathetic,
parasympathetic, and somatic nerves interacting to control bowel, bladder, and sex-
ual function. It is assumed that these functions are preserved when one avoids
sacrectomy; however, it is unclear how the radiation truly impacts these functions.

Conclusion

The benefit of radiation is clearly seen with improved local control in recent
publications. However, this must be balanced with the morbidity associated with
radiation and radiation plus surgery. In addition to the increased risk of infec-
tion, we have seen high rates of fractures, which have proven to be particularly
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difficult to treat. Many of the patients suffering with these fractures have no
evidence of disease but they have a poor quality of life. At first glance, it seems
that definitive radiation ought to be considered for the higher sacrectomies given
the risk of fracture and the known detrimental effect on physical function and
increased pain [18]. However, it is also true that radiation alone works poorly
when tumors are large like the ones which require high sacrectomy [13].
Radiation works well for small tumors like those that present in the distal
sacrum. However, patient reported quality of life and pain scores reveal that
patients who have had a distal sacrectomy have functional scores and pain levels
comparable to the general population [18]. In other words, surgery works well
with low morbidity for distal sacral tumors.

Radiation therapy continues to demonstrate utility in the management of
malignant sacral tumors. Questions still remain as to the timing and dosage of
radiation. Furthermore, the untoward effects of radiation have not been fully
defined and need to be clarified.
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Tumors of the Sacrum: The Role 2 8
of Chemotherapy

Stefano Ferrari

28.1 Introduction

The use of chemotherapy has changed the natural history of sarcomas, and as most
of the lesions arising in the sacrum are primary bone sarcomas, they can benefit
from systemic treatment with antineoplastic agents.

Osteosarcoma, Ewing sarcoma, and the group of undifferentiated high-grade
pleomorphic bone sarcomas are the tumors where the effectiveness of chemother-
apy is most apparent. In the most recent years, also for tumors previously consid-
eredrefractory tosystemic chemotherapy such as giant-cell tumors, chondrosarcomas,
and chordoma, new medical treatments are now available.

In the absence of evidence regarding a possible relation between chemosensitiv-
ity and skeletal location of the tumors, systemic treatment of sacral tumors follows
the same criteria used for the treatment of primary bone sarcomas with other skel-
etal locations. As stated in the other chapters, the main challenge posed by sacral
tumors is local treatment. Chemotherapy, apart from the effect against micrometa-
static diseases, may also contribute to improve local control.

The different entities that can be diagnosed in the sacrum require specific sys-
temic treatments comprising classic antineoplastic agents and more recent treat-
ments with targeted therapies.

In this chapter, the role of chemotherapy will be described focusing on the main
primary bone sarcomas.
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28.2 Osteosarcoma

Osteosarcoma, together with Ewing sarcoma, is the first primary bone tumor where
chemotherapy displayed its effectiveness in the early 1970s [1]. When patients
received only surgery, survival rate was lower than 20% [1]. Today, it is widely
accepted that the treatment of osteosarcoma requires a combined approach of sur-
gery of the primary tumor and systemic chemotherapy with an expected probability
of survival, in case of localized disease and extremity tumors, of around 75% [2].
Standard strategy of chemotherapy for osteosarcoma is based on primary chemo-
therapy, delayed surgery followed by adjuvant chemotherapy (neoadjuvant chemo-
therapy) [2].

Thanks to its preoperative use, it is possible to evaluate chemotherapy-induced
tumor necrosis by histological examination of the resected surgical specimen [3].
The extent of tumor necrosis is a surrogate marker of chemosensitivity and is pre-
dictive of survival [4, 5]. Imaging techniques such as PET and dynamic magnetic
resonance have been used to evaluate the pathological response to primary chemo-
therapy, but their significance is still under discussion [2].

New insights are coming from studies of pharmacogenetics in osteosarcoma.
Germline genetic polymorphisms predictive of sensitivity to chemotherapy have
been recently described [6—8]. Microarray technology has been recently investi-
gated to predict chemotherapy response and a multigene predictive model was
developed to classify good and poor responders to preoperative chemotherapy [8].

Most chemotherapy regimens adopted for osteogenic sarcoma are based on
methotrexate (MTX), cisplatin (CDP), doxorubicin, and ifosfamide (IFO). It is
well-known that when only CDP and adriamycin (ADM) are used, a probability of
disease-free survival (DFS) around 45% can be expected [9].

Strategies of chemotherapy based on the use of the four active drugs lead to a
probability of DFS around 60-65% [9]. It is a matter of discussion whether all
patients require intensive and prolonged treatment based on all four active drugs
[10, 11].

In a recent study, the Italian Sarcoma Group (ISG) demonstrated that IFO can be
given postoperatively and only to patients with a poor pathological response to pri-
mary chemotherapy based on MTX, CDP, and ADM [12]. This approach allowed
the same results with lower toxicity than a chemotherapy based on the four drugs
delivered since the primary phase in all patients. A study of the Children’s Cancer
Group and Pediatric Oncology Group has evaluated whether the addition of ifos-
famide and/or muramy! tripeptide-phosphatidylethanolamine (MTP-PE) to metho-
trexate, cisplatin, and doxorubicin could improve prognosis [13]. MTP-PE is a
component of the bacterial cell wall conjugated to phosphatidylethanolamine and
encapsulated in liposomes with immunostimulating activity. Overall, the probabil-
ity of survival was higher in those patients treated with MTP-PE and a trend was
reported in terms of event-free survival (EFS) [14]. Based on these data, EMA
licensed the drug for commercial use in Europe.

The possible role of immunotherapy in osteosarcoma patients was investigated
in a large randomized trial. EURAMOS 1 study [15] randomized patients with good
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pathological response to the MAP regimen to receive maintenance treatment with
interferon. Unfortunately, the results recently reported did not show advantages for
patients assigned to the interferon arm [15]. In the same study, the use of a differen-
tiated and intensified treatment in patients with a poor pathological response to
MAP failed to show an advantage in survival.

These data are sufficiently robust to support the MAP regimen as the standard
treatment in patients with osteosarcoma.

28.3 Ewing Sarcoma

Ewing sarcoma (ES) shares with osteosarcoma similarities in the strategy of
treatment.

Neoadjuvant chemotherapy with the aim of reducing tumor mass, increasing the
likelihood of local control, and facilitating conservative surgical approaches is con-
sidered the standard in patients with Ewing sarcoma [16].

Vincristine, dactinomycin, adriamycin, cyclophosphamide, ifosfmide, and eto-
poside are the drugs that, in different combinations, are recommended for the neo-
adjuvant treatment of Ewing sarcoma [16].

Contrary to osteosarcoma, local control in ES can be achieved by surgery or
radiotherapy, this tumor being highly sensitive to this last technique. Nevertheless,
there is a body of evidence on the superiority of surgery versus radiotherapy in
terms of local control rate and late effects. For this reason, the surgical treatment of
patients with ES is now preferred and recommended whenever possible [2, 16].

As in osteosarcoma, when ES is surgically treated, the pathological evaluation of
chemotherapy-induced tumor necrosis can identify patients having a different prob-
ability of survival [2, 16]. Previous studies reported a probability of EFS ranging
from 63 to 81% in case of good response and ranging from 20 to 38% in case of
poor response [17-19].

In the light of the predictive significance of chemotherapy-induced tumor necro-
sis, imaging techniques such as PET and dynamic magnetic resonance have been
investigated in order to predict tumor response to primary chemotherapy. The results
of these studies, most of them being retrospective, are at present not conclusive
[20-23].

There is no agreement in the sarcoma community about the best strategy of che-
motherapy in patients with Ewing sarcoma. Several data indicate that dose intensi-
fication is beneficial [1].

In a joint study carried out by Italian Sarcoma Group and Scandinavian Sarcoma
Group, a dose-intensified treatment with high-dose busulfan and melphalan fol-
lowed by peripheral blood stem cell rescue was used in patients with poor response
to primary chemotherapy comprising vincristine, dactinomycin, adriamycin, cyclo-
phosphamide, ifosfmide, and etoposide. The results showed that poor responder
patients had the same probability of event-free survival as good responder patients
[24]. The use of high-dose chemotherapy in patients with ES is still a matter of
debate [1]. A study protocol [25] was activated some years ago to investigate the
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role of high-dose chemotherapy in ES. Interesting results, superior to those reported
in literature, were obtained in the group of the so-called very high-risk patients
(patients with multivisceral metastases with or without bone marrow infiltration)
who could receive high-dose chemotherapy [26]. In the same study, patients with
poor response to primary chemotherapy or with lung metastases only were random-
ized to receive intensified treatment with high-dose chemotherapy or a postlocal
treatment regimen with chemotherapy at standard dose. Unfortunately, the results of
this group of patients are not yet available.

A different way to dose intensification was that followed by the Children
Oncology Group. In a randomized study [27], standard chemotherapy courses were
delivered every 3 or 2 weeks with the support of G-CSFs. All patients received the
same treatment regardless of the response to primary chemotherapy. Overall, the
results of the study were comparable to those obtained in protocols with high-dose
chemotherapy in poor responder patients. Interestingly, results of the study demon-
strated that dose intensification obtained by an interval compression (every 2 weeks)
is more effective than a standard approach based on chemotherapy courses given
every 3 weeks. The study population consisted mainly of children and adolescents
and only 15% of patients were older than 18 years and this makes the sample not
entirely representative of the real population of patients with ES. Furthermore, the
survival advantage was apparent in young and not in adult patients. Nevertheless,
these data are an important contribution to the clinical practice suggesting that an
interval compression of chemotherapy courses should be recommended at least in
younger patients.

28.4 Chondrosarcoma

Chondrosarcoma is, after osteosarcoma, the second most common primary bone
tumor. Chondrosarcomas are a diverse group of tumors that share the characteristic
of chondroid matrix production, but show different histology, biological behavior,
and chemosensitivity [28].

Conventional chondrosarcoma, the most frequent type of chondrosarcoma, is a
slow-growing tumor whose aggressiveness and tendency to metastasize is strictly
correlated to the grade of the tumor. There is wide agreement that it is resistant to
the antineoplastic agents used for bone sarcomas. Surgery, whenever possible, is the
main treatment. Grade 3 and, less frequently, grade 2 chondrosarcoma can give
metastases, especially to the lungs, and also in this case surgery is the recommended
approach. Nevertheless, there are clinical situations of unresectability where the use
of chemotherapy is part of the clinical practice. A recent retrospective study reported
that overall survival for patients with unresectable diseases is poor, with a 3-year
overall survival (OS) of 12% (5-year survival of 2%). Patients with only local unre-
sectable disease had a better prognosis than those with metastatic disease, with an
overall survival of 26% after 3 years [29]. It is interesting to note that when the
treatment received was analyzed, the authors found a survival benefit for metastatic
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patients who underwent chemotherapy. The efficacy of systemic treatment was
apparent only in patients with metastatic disease and not in patients with locally
advanced unresectable chondrosarcoma. As stated by the authors, “the general
result of improved survival after chemotherapy is rather unexpected because the
common opinion is that chondrosarcoma patients do not benefit from nonsurgical
treatment.” These data, although coming from a retrospective analysis, support the
use of chemotherapy also in chondrosarcoma in the presence of unresectable meta-
static disease. No data supporting a specific chemotherapy regimen can be sug-
gested, doxorubicin, ifosfamide, and cisplatin being the most frequently used
antineoplastic agents. Recently, a long-lasting response to gemcitabine has been
reported in a patient with metastatic chondrosarcoma [30].

Several attempts have been made to explore alternative targets in chondrosarco-
mas. Based on the evidence that the platelet-derived growth factor receptor (PDGFR)
is expressed and phosphorylated, a clinical study with imatinib was carried out, but
failed to demonstrate any activity [31]. Some interest was posed on the evidence of
the expression of aromatase and estrogen receptors in chondrosarcoma, but the use
of drugs inhibiting estrogen signaling was not found beneficial [32]. Preclinical data
have shown that the Hedgehog pathway plays an important role in tumor prolifera-
tion of chondrosarcoma [33] and a phase 2 study (ClinicalTrials.gov Identifier:
NCT01310816) with the smoothened inhibitor IPI-926 has been recently carried
out, but the results are at present not available.

Rare variants of chondrosarcoma are mesenchymal chondrosarcoma, dedifferen-
tiated chondrosarcoma, and clear cell chondrosarcoma.

Mesenchymal chondrosarcoma arises in patients of younger age compared to
conventional chondrosarcoma; it is characterized by a bimorphic histological pat-
tern in which a relatively well-differentiated cartilage tissue is admixed with a
highly undifferentiated small cell component [28]. Small cells can appear to be
round, oval, or spindle-shaped, and this component often resembles a hemangio-
pericytoma or Ewing sarcoma. There is a tendency to metastasize. On the contrary
to what reported for conventional chondrosarcoma, some retrospective studies have
shown a superior survival for those patients who received chemotherapy [34-36].
On the basis of what has been reported in literature, it is not possible to identify a
standard chemotherapy treatment; nevertheless, it is interesting to note that most
patients were given a chemotherapy regimen including antineoplastic agents com-
monly used for Ewing sarcoma.

Dedifferentiated chondrosarcoma is characterized by the presence of a high-
grade component with histologic features of classic osteosarcoma or high-grade
undifferentiated pleomorphic sarcoma [28]. The clinical behavior of this rare vari-
ant is that of an aggressive sarcoma with a very high rate of metastases. The prob-
ability of survival in this group of patients is very low, but patients can benefit from
chemotherapy [35]. The largest retrospective study reporting data on the role of
systemic chemotherapy in dedifferentiated chondrosarcoma shows a survival advan-
tage in patients without metastases at presentation [37]. Most chemotherapy regi-
mens employed are based on drugs commonly used in osteosarcoma with dose and
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schedule age adapted, since dedifferentiated chondrosarcoma is more frequent in
adult and elderly patients. A prospective study exploring the role of an osteosarcoma-
like chemotherapy protocol in patients with dedifferentiated chondrosarcoma has
been recently closed to enrollment and the final results will be published in the next
year [38].

28.5 Giant-Cell Tumor of Bone

Giant-cell tumor of bone (GCTB) is a rare, osteolytic tumor that mainly occurs in
young adults. GCTB is locally aggressive and metastases (mostly to the lung) can
occur in up to 6% of patients. The majority of patients can be adequately treated by
surgery, but in some, due to site and/or size of the tumor, surgery is not feasible. In
case of unresectable GCTB, several options are part of the clinical practice, radio-
therapy, and embolization over all, but the results are usually poor and they have a
meaning of palliation and not a curative intent. Interferons, bisphosphonates, classic
chemotherapy have been tried with unsatisfactory results [39].

GCTB has been investigated and high levels of RANK ligand (RANKL)
expression and activated RANK-positive osteoclast-like giant cells were found to
be characteristic markers of disease and pivotal elements in the biology of the
tumor. Denosumab is a fully human monoclonal antibody that inhibits RANKL
and licensed for preventing osteoporosis and skeletal-related events in bone
metastases [40]. The specific mechanism of action of denosumab and the rele-
vance of the role of the axis RANK-RANKL in GCTB being witnessed, the drug
was tested in patients with advanced/unresectable GCTB or in patients who were
the candidates to major surgery in an attempt to downgrade the tumor reducing its
morbidity and invasiveness for a less aggressive surgical procedure [41]. The
response rate was remarkable; denosumab treatment delayed the immediate need
for surgery in many patients, and 90% of patients had either no surgery or under-
went a less morbid surgical procedure than originally planned. Based on these
data, denosumab was licensed for the use in unresectable GCTB or in case of
advanced lesions with the aim of reducing surgical morbidity. The possible treat-
ment effects of denosumab can be attributed to its actions against RANKL leading
to deep morphological changes: an almost complete disappearance of the giant-
cell component and neoplastic RANKL-positive stromal cells replaced by dense
fibro-osseous tissue, new woven bone [42]. The safety profile of denosumab is
good and hypocalcemia and ONJ, known risks associated with denosumab, were
observed in a small proportion of patients. The drug is allowed only in skeletally
mature patients, as the presently available safety data are insufficient for skele-
tally immature patients. The recommended schedule envisages a loading dose of
120 mg of denosumab given by subcutaneous injection on day 1-8-15 afterward
every month. If the tumor is surgically removed, an additional 6 months of ther-
apy are recommended [43].

Denosumab is a drug that has changed the history of GCTB, but several ques-
tions are still open:
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— Questions about the effectiveness in preventing local recurrence of the 6-month
period of therapy after surgery,

— In case of unresectable lesions, do we have to use the drugs indefinitely or it is
possible to suspend treatment and resume it in case of disease progression?

— In case of prolonged treatment, is it possible to modify the schedule and deliver
the drug with longer intervals?

To answer these questions further studies are required.

28.6 Chordoma

Chordoma is a rare bone tumor (annual incidence 0.1/100,000) that develops
from persistent notochordal elements. Sacrum is the most frequent location
followed by the skull base and mobile spine. Median age at the time of diagnosis is
60 years [44].

Chordoma is a low-grade tumor with local aggressiveness and with a metastatic
potential (metastases can occur in about 30% of patients, usually late in the history
of the tumor and after repeated local recurrences). Dedifferentiated cases are
observed in 5% of patients [44].

Expression of the brachyury gene (a transcription factor involved in notochord
differentiation) has been identified as a definitive diagnostic marker of chordoma
and immunohistochemistry positivity for brachyury is recommended to confirm
diagnosis. Dedifferentiated chordomas may lose brachyury expression [45].

Surgery is the main option of treatment, but sometimes, mainly due to the site of
the tumor, functional neurological sequelae can be remarkable and not accepted by
the patient. In case of surgery with adequate (R0O) margins, the expected 5-year
recurrence-free survival is around 50%. When surgery is not feasible or not accepted
by the patient, definitive radiation therapy is a valid alternative [46, 47].

Activity and effectiveness of radiotherapy is related to the technique adopted.
High-dose protons or carbon ions are very effective and should be considered when
radiotherapy is chosen as local treatment [48].

No systemic treatments of proven efficacy are at present available. The antineo-
plastic agents used in sarcoma patients are not active in patients with chordoma,
with the possible exception of high-grade dedifferentiated chordoma.

The activity of imatinib in patients with advanced chordoma has been recently
reported both in terms of clinical benefit and progression-free survival (PFS). In
46 patients with advanced progressive disease, imatinib 800 mg/die achieved
disease stabilization in 75% and a median PFS of 10 months. Interestingly, 10
(21%) patients remained progression-free >18 months. Based on these data in
patients with advanced and progressive chordoma, the use of imatinib should be
considered [49].

Since chordoma showed evidence of expression of vascular endothelial growth
factor receptor, a study with an EGFR inhibitor (Lapatinib) was carried out. The
median PFS was 8 months and the reported clinical benefit rate was 22% [50].
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Results achieved in these studies indicate that there is the possibility, also in a
tumor-like chordoma, that some kind of systemic chemotherapy may affect the clin-
ical behavior of this disease, suggesting that further clinical investigations are justi-
fied and recommended.

References

1. Picci P. Classic osteosarcoma. In: Picci P, Manfrini M, Fabbri N, Gambarotti M, Vanel D, edi-
tors. Atlas of musculoskeletal tumors and tumorlike lesions. Cham: Springer; 2014. p. 147-52.

2. ESMO/European Sarcoma Network Working Group. Bone sarcomas: ESMO clinical practice
guidelines for diagnosis, treatment and follow-up. Ann Oncol. 2014;25(Suppl 3):iii113-23.

3. Picci P, Bacci G, Campanacci M, et al. Histologic evaluation of necrosis induced by chemo-
therapy. Regional mapping of viable and nonviable tissue. Cancer. 1985;56:1515-21.

4. Bielack SS, Kempf-Bielack B, Delling G, et al. Prognostic factors in high-grade osteosarcoma
of the extremities or trunk: an analysis of 1,702 patients treated on neoadjuvant cooperative
osteosarcoma study group protocols. J Clin Oncol. 2002;20:776-90.

5. Bacci G, Longhi A, Versari M, et al. Prognostic factors for osteosarcoma of the extremity
treated with neoadjuvant chemotherapy: 15-year experience in 789 patients treated at a single
institution. Cancer. 2006;106:1154-61.

6. Kager L, Diakos C, Bielack S. Can pharmacogenomics help to improve therapy in patients
with high-grade osteosarcoma? Expert Opin Drug Metab Toxicol. 2015;11:1025-8.

7. Windsor RE, Strauss SJ, Kallis C, Wood NE, Whelan JS. Germline genetic polymorphisms
may influence chemotherapy response and disease outcome in osteosarcoma: a pilot study.
Cancer. 2012;118:1856-67.

8. Hattinger CM, Fanelli M, Tavanti E, et al. Advances in emerging drugs for osteosarcoma.
Expert Opin Emerg Drugs. 2015;20:495-514.

9. Anninga JK, Gelderblom H, Fiocco M, et al. Chemotherapeutic adjuvant treatment for osteo-
sarcoma: where do we stand? Eur J Cancer. 2011;47:2431-45.

10. Ferrari S, Serra M. An update on chemotherapy for osteosarcoma. Expert Opin Pharmacother.
2015;29:1-10.

11. Isakoff MS, Bielack SS, Meltzer P, Gorlick R. Osteosarcoma: current treatment and a collab-
orative pathway to success. J Clin Oncol. 2015;33:3029-35.

12. Ferrari S, Ruggieri P, Cefalo G, et al. Neoadjuvant chemotherapy with methotrexate, cisplatin,
and doxorubicin with or without ifosfamide in nonmetastatic osteosarcoma of the extremity:
an Italian sarcoma group trial ISG/OS-1. J Clin Oncol. 2012;30:2112-8.

13. Meyers PA, Schwartz CL, Krailo MD, et al. Osteosarcoma: the addition of muramyl tripeptide
to chemotherapy improves overall survival—a report from the Children’s Oncology Group.
J Clin Oncol. 2008;26:633-8.

14. Meyers PA, Chou AJ. Muramyl tripeptide-phosphatidyl ethanolamine encapsulated in lipo-
somes (L-MTP-PE) in the treatment of osteosarcoma. Adv Exp Med Biol. 2014;804:307-21.

15. Bielack SS, Smeland S, Whelan JS, et al. Methotrexate, doxorubicin, and cisplatin (MAP) plus
maintenance pegylated interferon Alfa-2b versus MAP alone in patients with resectable high-
grade osteosarcoma and good histologic response to preoperative MAP: first results of the
EURAMOS-1 good response randomized controlled trial. J Clin Oncol. 2015;33:2279-87.

16. Gaspar N, Hawkins DS, Dirksen U, et al. Ewing sarcoma: current management and future
approaches through collaboration. J Clin Oncol. 2015;33:3036—46.

17. Oberlin O, Habrand JL, Zucker JM, et al. No benefit of ifosfamide in Ewing’s sarcoma: a
nonrandomized study of the French Society of Pediatric Oncology. J Clin Oncol. 1992;10:
1407-12.

18. Bacci G, Ferrari S, Bertoni F, et al. Prognostic factors in nonmetastatic Ewing’s sarcoma of
bone treated with adjuvant chemotherapy: analysis of 359 patients at the Istituto Ortopedico
Rizzoli. J Clin Oncol. 2000;18:4—11.



28

Tumors of the Sacrum: The Role of Chemotherapy 381

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Paulussen M, Ahrens S, Dunst J, et al. Localized Ewing tumor of bone: final results of the
cooperative Ewing’s Sarcoma Study CESS 86. J Clin Oncol. 2001;19:1818-29.

Raciborska A, Bilska K, Drabko K, et al. Response to chemotherapy estimates by FDG PET is
an important prognostic factor in patients with Ewing sarcoma. Clin Transl Oncol.
2016;18:189-95.

Ulaner GA, Magnan H, Healey JH, et al. Is methylene diphosphonate bone scan necessary for
initial staging of Ewing sarcoma if 18F-FDGPET/CT is performed? Am J Roentgenol.
2014;202:859-67.

Gaston LL, Di Bella C, Slavin J, Hicks RJ, Choong PF. 18F-FDG PET response to neoadjuvant
chemotherapy for Ewing sarcoma and osteosarcoma are different. Skeletal Radiol.
2011;40:1007-15.

Denecke T, Hundsdorfer P, Misch D, et al. Assessment of histological response of paediatric
bone sarcomas using FDG PET in comparison to morphological volume measurement and
standardized MRI parameters. Eur J Nucl Med Mol Imaging. 2010;37:1842-53.

Ferrari S, Sundby Hall K, Luksch R, et al. Nonmetastatic Ewing family tumors: high-dose
chemotherapy with stem cell rescue in poor responder patients. Results of the Italian
Sarcoma Group/Scandinavian Sarcoma Group III protocol. Ann Oncol. 2011;22:1221-7.
EURO-EWING 99. http://www.controlled-trials.com/ISRCTN6143862.

Ladenstein R, Potschger U, Le Deley MC, et al. Primary disseminated multifocal Ewing sar-
coma: results of the Euro-EWING 99 trial. J Clin Oncol. 2010;28:3284-91.

Womer RB, West DC, Krailo MD, et al. Randomized controlled trial of interval-compressed
chemotherapy for the treatment of localized Ewing sarcoma: a report from the Children’s
Oncology Group. Clin Oncol. 2012;30:4148-54.

Fabbri N, Donati D. Chondrosacomas. In: Picci P, Manfrini M, Fabbri N, Gambarotti M, Vanel
D, editors. Atlas of musculoskeletal tumors and tumorlike lesions. Cham: Springer; 2014.
p- 111-37.

van Maldegem AM, Gelderblom H, Palmerini E, et al. Outcome of advanced, unresectable
conventional central chondrosarcoma. Cancer. 2014;120:3159-64.

Provenzano S, Hindi N, Morosi C, et al. Response of conventional chondrosarcoma to gem-
citabine alone: a case report. Clin Sarcoma Res. 2015;5:9.

Grignani G, Palmerini E, Stacchiotti S, et al. A phase 2 trial of imatinib mesylate in patients
with recurrent nonresectable chondrosarcomas expressing platelet-derived growth factor
receptor-o or -f: an Italian Sarcoma Group study. Cancer. 2011;117:826-31.

Meijer D, Gelderblom H, Karperien M, et al. Expression of aromatase and estrogen receptor
alpha in chondrosarcoma, but no beneficial effect of inhibiting estrogen signaling both in vitro
and in vivo. Clin Sarcoma Res. 2011;1:5.

Campbell VT, Nadesan P, Ali SA, et al. Hedgehog pathway inhibition in chondrosarcoma
using the smoothened inhibitor IPI-926 directly inhibits sarcoma cell growth. Mol Cancer
Ther. 2014;13:1259-69.

Cesari M, Bertoni F, Bacchini P, et al. Mesenchymal chondrosarcoma. An analysis of patients
treated at a single institution. Tumori. 2007;93:423-7.

Italiano A, Mir O, Cioffi A, et al. Advanced chondrosarcomas: role of chemotherapy and sur-
vival. Ann Oncol. 2013;24:2916-22.

Frezza AM, Cesari M, Baumhoer D, et al. Mesenchymal chondrosarcoma: prognostic factors
and outcome in 113 patients. A European Musculoskeletal Oncology Society study. Eur
J Cancer. 2015;51:374-81.

Grimer RJ, Gosheger G, Taminiau A, et al. Dedifferentiated chondrosarcoma: prognostic fac-
tors and outcome from a European group. Eur J Cancer. 2007;43:2060-5.

Ferrari S, Smeland S, Bielack S, Comandone A, Dileo P, Picci P, Sundby Hall K, Eriksson M,
Honegger H, Reichardt P. A European treatment protocol for bone sarcoma in patients older
than 40 years. J Clin Oncol. 2009;27(Suppl; abstr 10516):15s.

Manfrini M. Giant cell tumor of bone. In: Picci P, Manfrini M, Fabbri N, Gambarotti M, Vanel
D, editors. Atlas of musculoskeletal tumors and tumorlike lesions. Cham: Springer; 2014.
p. 91-5.


http://www.controlled-trials.com/ISRCTN6143862

382 S. Ferrari

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Singh AS, Chawla NS, Chawla SP. Giant-cell tumor of bone: treatment options and role of
denosumab. Biologics. 2015;9:69-74.

Rutkowski P, Ferrari S, Grimer RJ, et al. Surgical downstaging in an open-label phase II trial
of denosumab in patients with giant cell tumor of bone. Ann Surg Oncol. 2015;22:2860-8.
Girolami I, Mancini I, Simoni A, et al. Denosumab treated giant cell tumour of bone: a mor-
phological, immunohistochemical and molecular analysis of a series. J Clin Pathol.
2016;69:240-7. doi:10.1136/jclinpath-2015-203248.

Chawla S, Henshaw R, Seeger L, et al. Safety and efficacy of denosumab for adults and skel-
etally mature adolescents with giant cell tumour of bone: interim analysis of an open-label,
parallel-group, phase 2 study. Lancet Oncol. 2013;14:901-8.

Fabbri N, Ruggieri P. Chordoma. In: Picci P, Manfrini M, Fabbri N, Gambarotti M, Vanel D,
editors. Atlas of musculoskeletal tumors and tumorlike lesions. Cham: Springer; 2014.
p- 233-9.

Presneau N, Shalaby A, Ye H, et al. Role of the transcription factor T (brachyury) in the patho-
genesis of sporadic chordoma: a genetic and functional-based study. J Pathol. 2011;223:
327-35.

Stacchiotti S, Sommer J, Chordoma Global Consensus Group. Building a global consensus
approach to chordoma: a position paper from the medical and patient community. Lancet
Oncol. 2015;16:¢71-83. doi:10.1016/S1470-2045(14)71190-8.

Angelini A, Pala E, Calabro T, Maraldi M, Ruggieri P. Prognostic factors in surgical resection
of sacral chordoma. J Surg Oncol. 2015;112:344-51.

Rotondo RL, Folkert W, Liebsch NIJ, et al. High-dose proton-based radiation therapy in the
management of spine chordomas: outcomes and clinicopathological prognostic factors.
J Neurosurg Spine. 2015;23:788-97.

Stacchiotti S, Longhi A, Ferraresi V, et al. Phase II study of imatinib in advanced chordoma.
J Clin Oncol. 2012;30:914-20.

Stacchiotti S, Tamborini E, Lo Vullo S, et al. Phase II study on lapatinib in advanced EGFR-
positive chordoma. Ann Oncol. 2013;24:1931-6.


http://dx.doi.org/10.1136/jclinpath-2015-203248
http://dx.doi.org/10.1016/S1470-2045(14)71190-8

	Contents
	List of Contributors and Author Bios
	Part I: General Aspects
	1: Epidemiology of Bone Lesions of the Sacrum
	1.1	 Diagnosis
	1.2	 Gender
	1.3	 Age

	2: Overview on Bone Sacral Tumors
	2.1	 Introduction
	2.2	 Clinical Presentation
	2.3	 Imaging
	2.4	 Biopsy
	2.5	 Benign Sacral Tumors
	2.6	 Malignant Sacral Tumors
	2.7	 Surgical Treatment of Sacral Tumors
	2.8	 Radiation Therapy
	2.9	 Embolization
	References

	3: Clinical and Neurological Manifestations of Sacral Tumors
	3.1	 Clinical Presentation
	References

	4: Imaging of Sacral Tumors and Tumor Simulators: Experience of the Mayo Clinic
	4.1	 Introduction
	4.2	 General Imaging Features
	4.3	 Cross-Sectional Imaging with Computed Tomography (CT) and Magnetic Resonance Imaging (MRI)
	4.4	 Differential Diagnosis of Sacral Masses
	4.5	 Imaging Findings of the Most Common Benign and Malignant Neoplasms in the Sacrum and Tumor Simulators
	4.5.1	 Neurogenic/Peripheral Nerve Sheath Tumors
	4.5.2	 Giant Cell Tumors
	4.5.3	 Chordoma and Benign Notochordal Cell Tumors
	4.5.4	 Osteoblastoma and Osteoid Osteoma
	4.5.5	 Aneurysmal Bone Cyst
	4.5.6	 Primary Sarcomas of Bone
	4.5.7	 Metastases, Myeloma, and Lymphoma
	4.5.8	 Meningocele and Tarlov Cyst
	4.5.9	 Tumor Simulators

	References

	5: Imaging of Sacral Tumors: Experience of the Rizzoli Institute
	5.1	 Introduction
	5.2	 Primary and Secondary Malignant Bone Tumors
	5.2.1	 Metastases
	5.2.2	 Sacral Involvement of Multiple Myeloma and Plasmacytoma
	5.2.3	 Bone Lymphoma
	5.2.4	 Chordoma
	5.2.5	 Chondrosarcoma
	5.2.6	 Ewing Sarcoma
	5.2.7	 Osteosarcoma
	5.2.8	 Other Malignant Bone Tumors

	5.3	 Benign Bone Tumors
	5.3.1	 Giant Cell Tumour
	5.3.2	 Aneurysmal Cyst
	5.3.3	 Osteoid Osteoma
	5.3.4	 Osteoblastoma [32–34]
	5.3.5	 Other Benign Sacral Bone Tumors

	5.4	 Non-osseous Tumors or Pseudotumors
	5.4.1	 Sacrococcygeal Germ Cell Tumors
	5.4.2	 Meningeal Tumors
	5.4.3	 Perineural Cysts

	5.5	 Nerve Tumors
	5.5.1	 Neurofibromas and Schwannomas [35, 36, 39, 40]
	5.5.2	 Ependymoma
	5.5.3	 Metastases
	5.5.4	 Carcinoid Tumors
	5.5.5	 Sacral Involvement of Pelvic Lesions
	5.5.6	 Imaging in Postoperative Follow-Up

	References

	6: Biopsy and Staging of Sacral Tumors
	6.1	 Introduction
	6.2	 Method of Biopsy
	6.3	 Differential Diagnosis
	6.3.1	 Primary Benign Sacral Tumors
	6.3.2	 Primary Malignant Sacral Tumors
	6.3.3	 Metastatic Disease

	6.4	 Staging
	6.5	 Summary
	References

	7: Histopathology of Sacral Tumors and Pseudotumors
	7.1	 Malignant Tumors
	7.1.1	 Chordoma
	7.1.2	 Chondrosarcoma
	7.1.3	 Ewing Sarcoma
	7.1.4	 Osteosarcoma
	7.1.5	 Undifferentiated Pleomorphic Sarcoma
	7.1.6	 Metastatic/Systemic Malignancy
	7.1.7	 Rare Primary Sacral Sarcomas

	7.2	 Benign Tumors
	7.2.1	 Giant Cell Tumor of Bone
	7.2.2	 Benign Neurogenic Tumor
	7.2.3	 Aneurysmal Bone Cyst
	7.2.4	 Other Rare Benign Primary Intraosseous Sacral Lesions
	7.2.5	 Sacrococcygeal Teratoma
	7.2.6	 Developmental Lesions
	7.2.7	 Intraoperative Pathologic Evaluation of Bone and Soft Tissue Lesions

	References


	Part II: Benign Lesions
	8: Giant Cell Tumor of the Sacrum
	8.1	 Introduction
	8.2	 Epidemiology
	8.3	 Clinical Presentation and Diagnosis
	8.4	 Imaging
	8.5	 Pathology
	8.6	 Biological Behavior
	8.7	 Treatment
	References

	9: Osteoblastoma of the Sacrum
	9.1	 Introduction
	9.2	 Epidemiology, Presentation, and Diagnosis
	9.3	 Imaging
	9.4	 Pathology
	9.5	 Treatment
	9.5.1	 Radiotherapy
	9.5.2	 Intralesional Surgery
	9.5.3	 Sacral Resection
	9.5.4	 Radio-Frequency Thermal Ablation

	9.6	 Oncologic Outcome
	References

	10: Osteoid Osteoma of the Sacrum
	10.1	 Introduction
	10.2	 Epidemiology, Presentation, and Diagnosis
	10.3	 Imaging
	10.4	 Pathology
	10.5	 Treatment
	10.5.1	 Radiofrequency Thermal Ablation (RFTA)
	10.5.2	 Surgery

	10.6	 Oncologic Outcome
	References

	11: Aneurysmal Bone Cyst of the Sacrum
	11.1	 Introduction
	11.2	 Epidemiology, Presentation, and Diagnosis
	11.3	 Imaging
	11.4	 Pathology
	11.5	 Treatment
	11.5.1	 Open Surgical Curettage
	11.5.2	 Selective Arterial Embolization
	11.5.3	 Sclerosing Agents Injection
	11.5.4	 Bone Induction Agents Injection
	11.5.5	 Denosumab
	11.5.6	 Radiation Therapy

	11.6	 Oncologic Outcome
	References

	12: Schwannoma of the Sacrum
	12.1	 Introduction
	12.2	 Epidemiology
	12.3	 Presentation and Diagnosis
	12.4	 Imaging
	12.5	 Pathology
	12.6	 Treatment
	References

	13: Benign Cartilaginous Tumors of the Sacrum
	13.1	 Introduction
	13.2	 Osteochondroma
	13.3	 Chondroblastoma
	13.4	 Chondromyxoid Fibroma
	13.5	 Periosteal or Juxtacortical Chondroma
	References


	Part III: Malignant Lesions
	14: Metastases of the Sacrum
	14.1	 Introduction
	14.2	 Epidemiology
	14.3	 Biology of the Metastatic Process
	14.4	 Tissue of Origin Considerations
	14.5	 Presentation and Diagnosis
	14.6	 Treatment
	References

	15: Chordoma of the Sacrum
	15.1	 Introduction
	15.2	 Embryology
	15.3	 Pathogenesis
	15.4	 Epidemiology
	15.5	 Presentation and Diagnosis
	15.6	 Imaging
	15.7	 Pathology
	15.8	 Treatment
	15.8.1	 Sacral Resection
	15.8.2	 Radiotherapy
	15.8.3	 Chemotherapy and Medical Treatment

	15.9	 Oncologic Outcome
	References

	16: Osteosarcoma of the Sacrum
	16.1	 Introduction
	16.2	 Epidemiology, Presentation, and Diagnosis
	16.3	 Imaging
	16.4	 Treatment
	16.4.1	 Chemotherapy
	16.4.2	 Sacrectomy

	16.5	 Radiation Therapy
	16.6	 Oncologic Outcome
	References

	17: Ewing’s Sarcoma of the Sacrum
	17.1	 Introduction
	17.2	 Epidemiology, Presentation, and Diagnosis
	17.3	 Imaging
	17.4	 Pathology
	17.5	 Treatment
	17.5.1	 Sacrectomy
	17.5.2	 Chemotherapy
	17.5.3	 Radiation Therapy

	17.6	 Oncologic Outcome
	References

	18: Lymphoma and Myeloma of the Sacrum
	18.1	 Introduction
	18.2	 Lymphoma
	18.3	 Multiple Myeloma
	References

	19: Chondrosarcoma of the Sacrum
	19.1	 Introduction
	19.2	 Epidemiology, Presentation, and Diagnosis
	19.3	 Imaging
	19.4	 Pathology
	19.5	 Treatment
	19.5.1	 Surgical Treatment
	19.5.2	 Radiotherapy and Chemotherapy

	19.6	 Oncologic Outcome
	References


	Part IV: Treatments
	20: Anatomy and Surgical Approaches to the Sacrum
	20.1	 Introduction
	20.2	 Anatomy of the Sacrum
	20.2.1	 Bony Anatomy
	20.2.2	 Ligamentous Anatomy

	20.3	 Surgical Approaches to the Sacrum
	20.3.1	 Anterior Approach to the Sacroiliac Joint
	20.3.1.1	 Description of Approach
	20.3.1.2	 Dangers

	20.3.2	 Anterior Midline Approach to the Sacrum
	20.3.2.1	 Description of Approach
	20.3.2.2	 Dangers

	20.3.3	 Posterior Approach to the Sacroiliac Joint
	20.3.3.1	 Description of Approach
	20.3.3.2	 Dangers

	20.3.4	 Posterior Midline Approach to the Sacrum
	20.3.4.1	 Description of Approach
	20.3.4.2	 Dangers

	20.3.5	 Combined Approaches to the Sacrum
	20.3.5.1	 Description of Approach
	20.3.5.2	 Dangers

	20.3.6	 Approach Considerations for Soft Tissue Reconstruction

	20.4	 Summary
	References

	21: Tumors of the Sacrum: Diagnosis, Management, and Surgical Techniques
	21.1	 Introduction
	21.2	 Anatomy
	21.3	 Applied Surgical Anatomy: Biomechanical and Neurologic Considerations
	21.3.1	 Biomechanical Considerations
	21.3.2	 Neurologic Considerations

	21.4	 Clinical Management of Sacral Tumors
	21.4.1	 Management of Chordomas
	21.4.2	 Management of Other Sacral Malignancies
	21.4.3	 Management of Giant Cell Tumors

	21.5	 Total and Partial Sacrectomy: Surgical Techniques
	21.5.1	 Preoperative Preparation
	21.5.2	 Staged Anterior and Posterior Approaches for Total and Partial Sacrectomy
	21.5.2.1	 Anterior Approach
	21.5.2.2	 Posterior Approach
	21.5.2.3	 Rebar Technique for Reconstruction After Curettage of Proximal Sacral Tumors

	21.5.3	 Posterior-Only Approach for Total Sacrectomy

	21.6	 Complications
	References

	22: Computer Navigation in the Sacrum
	22.1	 Introduction
	22.2	 History and Progression of Computer Navigation
	22.3	 Computer Navigation Systems Overview
	22.4	 Computer Navigation Requirements
	22.5	 Computer Navigation Process
	22.6	 Benefits of Navigation
	22.7	 Limitations of Navigation
	22.8	 Summary
	References

	23: Sacral Biomechanics and Reconstruction
	23.1	 Introduction
	23.2	 Sacral Biomechanics
	23.3	 Spinopelvic Reconstruction
	23.3.1	 Indications for Reconstruction
	23.3.2	 Cathedral Reconstruction
	23.3.3	 Unilateral Reconstruction
	23.3.4	 Amputative Sacrectomy

	References

	24: Soft Tissue Reconstruction Following Sacrectomy
	24.1	 Flap Planning
	24.2	 Sacral Reconstruction
	24.2.1	 Omental Pedicled Flap
	24.2.2	 V–Y Advancement Gluteal Flaps
	24.2.3	 Rectus Abdominis Musculocutaneous Flap

	24.3	 Postoperative Management
	24.4	 Complications
	References

	25: Embolization for Sacral Tumors
	25.1	 Introduction
	25.2	 Embolization for Benign Tumors of the Sacrum
	25.3	 Embolization for Primary Tumors of the Sacrum
	25.4	 Embolization for Metastases of the Sacrum
	25.5	 Palliative Embolization
	25.6	 Complications
	25.7	 Embolic Agents
	References

	26: Palliative Treatments for the Sacrum
	26.1	 Introduction
	26.2	 Radiotherapy
	26.3	 Stereotactic Radiosurgery
	26.4	 Surgery
	26.5	 Sacroplasty
	26.6	 Selective Arterial Embolization
	26.7	 Radiofrequency and Other Ablation Techniques
	26.8	 Chemotherapy
	26.9	 Electrochemotherapy
	26.10	 Pain Management
	References

	27: Radiation Therapy for Primary Malignant Sacral Tumors
	27.1	 Introduction
	27.1.1	 History
	27.1.2	 Photon Radiation
	27.1.3	 Carbon Ion Radiation
	27.1.4	 Proton Radiation

	27.2	 Radiation in Primary Malignant Tumors of the Sacrum
	27.2.1	 Carbon Ion Radiation for Chordoma
	27.2.2	 Proton Radiation for Chordoma
	27.2.3	 Photon Radiation for Chordoma

	27.3	 Complications
	References

	28: Tumors of the Sacrum: The Role of Chemotherapy
	28.1	 Introduction
	28.2	 Osteosarcoma
	28.3	 Ewing Sarcoma
	28.4	 Chondrosarcoma
	28.5	 Giant-Cell Tumor of Bone
	28.6	 Chordoma
	References



