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Abstract The osseous pelvis is a frequent site of metas-

tases. Alteration of bone integrity may lead to pain but also

to functional disability and pathological fractures. Percu-

taneous image-guided minimally invasive procedures, such

as cementoplasty and screw fixation, have emerged as a

viable option to provide bone reinforcement and fracture

fixation, as stand-alone or combined techniques. Under-

standing the biomechanics of the osseous pelvis is para-

mount to tailor the treatment to the clinical situation. The

purpose of the present review is to present the biome-

chanics of the osseous pelvis and discuss its implication for

the choice of the optimal consolidative treatment.

Keywords Osseous pelvis � Pelvic bone � Sacrum �
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Introduction

The pelvis is the second most frequent site of osseous

metastases after the spine [1]. Alteration of bone integrity

in the pelvic girdle may not only lead to pain but also to

functional disability and pathological fractures, which in

turn can greatly impair the patient’s quality of life [2].

Moreover, confinement to bed rest seriously exposes the

patient to medical complications, such as thromboembolic

and infectious adverse events. External beam radiation and

stereotactic body radiation therapy are effective tools to

alleviate the pain; however, they do not address the

mechanical instability [3, 4]. A wide range of open surgical

procedures have been developed to manage fractures and

impending fractures of the pelvic girdle, mostly involving

the acetabulum and the proximal femur [5, 6]. However,

the ability to perform these potentially complex procedures

depends on the general condition of the patient, as the

morbidity is not negligible [7]. Image-guided percutaneous
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minimally invasive procedures have emerged as a viable

option for the treatment of pelvic bone metastases [8].

Among the different tools, percutaneous cementoplasty and

screw fixation can provide bone reinforcement and fracture

fixation, as stand-alone or combined techniques [2, 8–10].

In addition to the patient’s condition and clinical objective,

the choice of approach and technique should be tailored to

the location and features of the lesion. Clinical, anatomical

and biomechanical considerations are of utmost importance

when considering the different consolidative treatment

options. The primary objective of this manuscript is to

present a comprehensive review of the biomechanics of the

osseous pelvis and its therapeutic implications for the

interventional radiologist.

Osseous Pelvis: Generalities

The bony pelvis is formed by the pelvic (or coxal, hip or

innomate) bones on each side and the sacrum in the midline

[11]. The pelvic bones are attached to each other at the

level of the pubic symphysis anteriorly and are firmly

joined to the sacrum via the sacro-iliac joints and ligaments

posteriorly [11]. Some authors also include the proximal

femur as part of the bony pelvis [2, 12, 13]. The proximal

femur will not be included for the sake of this present

review.

Biomechanics

The pelvic bone is mainly composed of low-density tra-

becular bone surrounded by a thin layer of high strength

cortical bone which mimics the sandwich construction used

in composite material, in which the majority of the weight-

bearing load is carried by a thin shell of a high-modulus

material with a low-weight core material acting as a spacer

[12, 14]. In the pelvic girdle, the stresses are predominantly

transferred through the cortical bone, with a ratio of

approximatively 50:1 compared to the underlying trabec-

ular bone [12]. The ligaments and cartilage of the sacro-

iliac and hip joints increase the stability of the bony pelvis

and the surrounding pelvic musculature helps to maintain

the stresses within the pelvic bone fairly constant during

walking [12, 15, 16].

The pelvic bone is an almost immobile weight-bearing

structure that transfers the gravitational and external loads

from the spine to the lower limbs across the sacro-iliac and

hip joints (Fig. 1) [12]. Load transfer across the bony pelvis

varies during gait (Fig. 2). The periacetabular area is the

most important weight-bearing structure of the osseous

pelvis, while the sacro-iliac junction, the pubic region, the

iliac wing and the ischium have less weight-bearing func-

tion [1]. These principles apply to the need for surgical

reconstruction following partial pelvic resection. Most of

the surgical series do not recommend reconstructions fol-

lowing resection of pelvic bone lesions except if the

acetabulum is involved [1, 7]. Reconstruction of the sacro-

iliac joint is more controversial without a consensus [17].

Lesions involving both the sacro-iliac joint and the

acetabulum completely interrupt the transmission of stres-

ses and require extensive and often complex reconstruction

[18].

Stresses applied to the pelvis vary greatly depending on

the location and include compression, tensile, bending and

shear forces. Compression is the prevailing stress in the

upper part of S1, the anterior part of the sacro-iliac joint

and the acetabular roof [15, 19, 20].

Implications for Percutaneous Treatment

Understanding the biomechanical load and distributions in

the bony pelvis is critical. Contrary to the long bones of the

limbs, there is currently no validated score to predict the

risk of fracture within the bony pelvis [1, 3]. Indications

and type of consolidation have to be tailored to each patient

and result from several items such as clinical presentation

(no symptoms vs mechanical pain), localization/size/type

of lesion, associated destruction of bony cortex, previous

local treatments that could weaken the bone resistance (e.g.

radiation therapy and thermal ablation), and presence of a

pathological fracture (Fig. 3). Large osseous defects not

only increase the risk of local mechanical failure but also

increase the risk of distant fractures due to the redistribu-

tion of the loads within the pelvis [21].

Polymethyl methacrylate (PMMA) bone cement has

excellent resistance to compressive forces and is indicated

in all areas which are mostly submitted to compression

stresses [22, 23]. Whenever possible, cement should fill as

much as possible the destructed area to restore the trans-

mission of loads and avoid secondary fracture [10, 24, 25].

On the other hand, cement has limited resistance to other

stresses than compression and act more as a grout than as a

glue, which limits its use for the fixation of pelvic fractures

[2, 23]. To overcome these limitations, percutaneous screw

fixation has been described more recently for the man-

agement of pathological fractures of the pelvis and the

prophylactic stabilization of impending fracture of the

proximal femur [2, 9, 26–28]. Screws have also been used

to provide additional support for cement packing and

subsequently improve the transmission of loads through the

bony pelvis with the analogy of the framework of a con-

crete construction [2, 28, 29].
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Sacral Promontory

Biomechanics

The sacral promontory is key for load transmission as it

connects the lumbar spine to the rest of the sacrum and

subsequently the pelvic bone. Similar to other spinal levels,

most of the load is sustained by the vertebral body [30].

Compared to the other sacral levels (S2–S5), the body of

S1 is permanently heavily stressed mostly with compres-

sion loads [16].

Implications for Percutaneous Treatment

Any bone destruction involving the sacral promontory is at

risk of mechanical disability and fracture, even though

there is no clear critical amount defined in the literature.

Consolidation has to be considered in cases of extensive

osteolysis, especially if the cortical bone is involved.

Cementoplasty is feasible through a transpedicular or a

trans-iliac approach and may allow to provide consolida-

tion like for other spinal levels [31, 32].

Fig. 1 Representation of load transmission within the pelvis. A The

loads are transmitted from the spine to the sacrum at the lumbosacral

junction and then are transferred to the femur via the sacro-iliac joints

and the hip joints. B Oblique sagittal CT scan showing how the loads

are transferred from the sacro-iliac joint to the acetabulum. C Same

findings on an oblique coronal view

Fig. 2 Simplified schematic of the peak stresses in the pelvis during the 4 phases of walking. The acetabular area is constantly stressed, while the

sacro-iliac areas and to a lesser degree the upper pubic rami are occasionally stressed. Figure adapted from [16]
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Sacro-Iliac Joints and Sacral Ala

Biomechanics

The design of the sacro-iliac joint can be assimilated to the

one of a flat joint [20, 33]. Flat surfaces have the optimal

design to transfer great moments of mechanical forces,

especially compression which is the prevailing stress at the

anterior and middle part of the sacro-iliac joint (Fig. 4A, B)

[15, 33]. Due to their anatomical design, the sacro-iliac

joints act as a major stress transmitter and reliever within

the bony pelvis. Tensile stresses are maximal in the dorsal

and cranial part of the sacro-iliac joint (Fig. 4C, D)

[15, 33]. The stability of each sacro-iliac joint is therefore

enhanced by a process described as ‘‘force closure’’: a

perpendicular compressional reaction force to the sacro-

iliac joint is generated through (1) a self-bracing mecha-

nism that comes with the conformity and high friction

coefficient of adjacent iliac and sacral articular surfaces

and (2) the strong binding posterior sacro-iliac ligaments

and muscles (piriformis and gluteus maximus) [20, 33, 34].

On the other hand, flat joints are particularly vulnerable to

dislocation by shear stresses near the joint [33]. However,

the sacro-iliac joint can counteract shear stresses, provided

that they are firmly pressed together via force closure

[33, 34]. Each sacro-iliac joint has limited mobility, known

as nutation. The sacro-iliac joint exhibits a greater range of

motion in women than men, potentially explaining the

higher rate of fractures of the sacral ala in the female

population [33].

Implications for Percutaneous Treatment

The sacro-iliac junctions are mechanically important as

they account for the transfer of great moments of com-

pression from the trunk to the acetabular area in load-

bearing conditions (sitting, standing). If resection without

reconstruction is feasible, lumbopelvic instability can

occur, and many advocate the need for postoperative

reconstruction [17]. In cancer patients with advanced dis-

ease, large open surgical procedures are typically not an

option due to the morbidity and their invasiveness. Mini-

mally invasive percutaneous interventions are therefore

more and more offered as an alternative solution.

Fractures/osteolysis occurring in the anterior part of the

sacral ala and associated with functional impairment can be

treated with percutaneous cementoplasty (sacroplasty), as

compression is the dominant stress in this location

(Fig. 5A–C). Sacroplasty is superior to non-surgical man-

agement to restore patient mobility in case of sacral

insufficiency fracture, a frequent condition in cancer

patients [35, 36]. A recent meta-analysis involving more

Fig. 3 Pelvic lesions with different clinical and radiological presen-

tations and risks of pathologic fracture. A Three osteolytic lesions in

the posterior right iliac bone (asterisks), the left sacral wing

(arrowheads) and the left iliac bone (arrow). The lesions are not

located in weight-bearing areas, and there is no cortical destruction:

the risk of mechanical failure is minimal. B Mixed pubic metastasis

(arrows): there is no bone defect and the stresses are limited in that

area, the risk of mechanical failure is very low. C Mixed metastasis

with some kind of cortical destruction in a complete non-weight-

bearing location (the iliac wing): the risk of pathological fracture

might be increased but prophylactic consolidation is not indicated (no

risk of mechanical failure). Should a fracture occur, percutaneous

treatment is a possibility (see below). D Osteolysis with cortical

destruction in a critical mechanical area (the acetabulum): consoli-

dation should be considered even if the patient is not symptomatic.

E Multiple osteolytic lesions in a right pelvic bone: the lesions in the

iliac wing (asterisks) do not require consolidation, while the

acetabular metastasis (dotted line) interrupts the transmission of

loads and should imperatively be consolidated. F Diffuse acetabular

osteolysis with cortical and articular involvement: the risk of

mechanical failure is high
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than 800 patients reported the effectiveness of sacroplasty

to manage osteoporotic and malignant sacral fractures, with

sustained benefits at 12 months [37]. Alternatively to

cement injection, screw fixation of insufficiency/patho-

logical fractures of the sacral ala has demonstrated good

functional results requiring a trans-iliac approach in order

to approach the fracture line perpendicularly [2, 38]. Based

on cadaveric and finite element models, the strongest fix-

ation technique seems to be obtained with the insertion of 2

parallel screws (i.e. that each screw goes through the right

and left sacro-iliac joints), one in S1 and one in S2 [39, 40].

Because of the underlying bone fragility, the authors usu-

ally recommend augmenting the anchorage of the tip of the

screws with cement, in order to prevent screw loosening

and dislodgement [28, 29]. There has been no study to date

comparing screw fixation and sacroplasty for the manage-

ment of non-displaced fractures of the sacral ala. Osteol-

ysis/fracture of the posterior and upper part of the sacro-

iliac joint decreases the resistance to tension and shear

leading to failure of the strong posterior ligamentous sup-

port increasing the risk of pelvic instability. In this situa-

tion, cementoplasty might not be sufficient due to poor

Fig. 4 Sacro-iliac mechanical

forces. Compression is the

prevailing stress at the

intermediate (A, coronal view)
and anterior (B, axial view) part
of the sacro-iliac joints. Tensile

stresses predominate at the

superior (C, coronal view) and
posterior (D, axial view) part of
the joints

Fig. 5 Consolidation of sacro-iliac lesions in patients with mechan-

ical pain. A Axial CT scan at the level of S1–S2 demonstrates an

osteolytic lesion (asterisks) at the intermediate and anterior part of S1
and the right sacral ala. B CT at the L5–S1 level: there is no

destruction of the superior and posterior part of the sacral ala. C The

risk of fracture and failure to shear can be considered low: stand-alone

cementoplasty was performed to provide resistance to compression.

D Axial CT scan at the S1–S2 level in another patient shows bilateral

post-radiation fractures of the sacrum (arrowheads). E The fracture is

extending cranially with complete disruption of the posterior and

superior part of the sacral ala, exposing to shear forces. F The

fractures were stabilized with two trans-sacro-iliac screws (one in S1

and one in S2) with additional cement injection to improve the

anchorage of the screws
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resistance to shear forces and trans-sacroiliac screw fixa-

tion seems mandatory to prevent biomechanical failure,

provided that the screws can be anchored in normal tra-

becular/cortical bone (Fig. 5D–F) [23]. Cement augmen-

tation of the screws in the setting of advanced osteolysis

may reduce failure of the fixation [9, 28, 29]. There is

limited evidence to support prophylactic stabilization of

asymptomatic sacro-iliac lesions, especially if there is no

cortical disruption or involvement of the posterior and

superior part of the sacro-iliac joint [1].

Acetabulum

Anatomy and Biomechanics

The acetabulum is the most important structure of the

pelvic bone for load transmission. The supra-acetabular

area (i.e. the superior and lateral part of the acetabulum,

also called the acetabular roof) transmits most of the loads

and therefore represents the main mechanical bearing part

of the acetabulum, regardless the loading conditions (sit-

ting, standing, walking) [12, 16, 41]. In particular, the

transfer of the hip joint force to the sacro-iliac joint and to

the pubic symphysis occurs predominantly through the

lateral cortex located above the acetabulum (Fig. 6)

[16, 42]. Consolidation should always be considered in

case of an osteolysis in that region, even if the lesion is

asymptomatic. The highest stress distribution among the

trabecular bone is located at the central part of the

acetabulum, where the applied forces remain low compared

to the supra-acetabular area [12]. The stress concentration

at the anterior part of the acetabulum mostly happens

during the weight shift and swing phases of gait [12, 16].

The posterior acetabulum is the weakest area in terms of

load transmission [12, 16, 41]. The acetabular cartilage

contributes to the distribution of the loads more evenly

over the acetabulum [42]. The action of muscle and hip

joint forces produces compressive and tensile stresses

within the acetabulum. Overall, compressive stresses pre-

dominate on the lateral side and can be considered as high,

while tensile stresses occur more on the medial side, the

infero-posterior the supero-anterior quadrants of the

acetabulum, and appear to be much lower [42].

Fig. 6 Acetabular loads. A The roof of the acetabulum (white area) is

permanently stressed, while the anterior part (dark area) is typically

only occasionally stressed and the posterior part (gray area) has a very

limited role for load transmission. B Coronal and C axial CT scan: the

acetabular roof (dotted line) is key for the transfers of loads within the

hip, with the lateral cortex (arrowheads) being the most important

structure of the acetabulum

Fig. 7 Acetabular roof cementoplasty for consolidation. A Coronal

CT scan demonstrates a lytic metastasis in the acetabular roof

(asterisk) without the destruction of the articular surface and limited

involvement of the lateral cortex. B Cementoplasty provides imme-

diate consolidation. C Anteroposterior fluoroscopic projection and

D axial CT scan show a metastasis (black asterisk) with complete

destruction of the lateral cortex (arrow) of the acetabulum resulting in

high risk of mechanical failure. E Balloon kyphoplasty was used prior

to cement injection to reduce the risk of leakage and the likelihood of

good filling (F, G) of osteolytic lesion and weight-bearing portion of

the supra-acetabular ilium
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Implications for Percutaneous Treatment

Cancer lesions located in the acetabulum have to be con-

sidered at high risk of mechanical failure, as they may

compromise the transmission of forces and lead to disas-

trous functional complications. Many different surgical

options have been developed over the years to reconstruct

the acetabulum related to primary/metastatic lesion(s) with

or without pathologic fractures [1, 7, 43]. Open surgery

usually combines curettage of the tumor prior to consoli-

dation, followed by postoperative radiation. Lesions

involving exclusively the acetabular roof can be surgically

treated with cemented total hip arthroplasty [2]. Lesions

involving the medial wall will require the additional use of

a reinforcement ring to avoid medial migration and lesions

presenting with extensive cortical destruction are usually

treated with total hip replacement reinforced by cement and

acetabular reconstruction placing pins/screws from the

acetabulum into an intact ilium to increase the strength of

the anchorage [1, 44]. Even though the functional out-

comes of open surgery are excellent, they can be very

morbid and associated with a high rate of complications

(especially for complex reconstructions) and is therefore

often not feasible in frail patients or in those patients in

which systemic therapy cannot be discontinued [1, 7].

Thus, percutaneous procedures provide a viable therapeutic

option provided that they are adapted to the situation.

Percutaneous cementoplasty can provide efficient con-

solidation for lesions exclusively involving the acetabular

roof ideally without disruption of the articular cortex

(Fig. 7A, B) [6, 22]. This would be analogous to the use of

cement in cemented arthroplasty. A finite element analysis

demonstrated that for this location complete filling of an

acetabular defect, including those with the involvement of

the lateral cortices, with cement has the potential to restore

the transmission of loads to a normal level [25]. The

osteolysis should therefore always be filled with as much

cement as possible to avoid secondary collapse [10, 24].

Ablation prior to cement injection is technically feasible in

that location and might also have a role for local tumor

control in addition to bone consolidation and stabilization

[10, 45]. It has been reported that complete tumor ablation

was a predictive factor of pathologic acetabular fracture

stabilization, most likely because it impedes the progres-

sion of the osseous destruction [45]. Another potential

benefit of ablation is the creation of a cavity-like area that

favor lesion filling while potentially reducing the risk of

cement leakage. On the other hand, care should be taken

Fig. 8 Cementoplasty for extensive supra-acetabular osteolysis.

A Axial CT scan shows a large amount of osteolysis and destruction

of the acetabular roof with minimal cortical integrity (asterisk).

B Sagittal oblique view shows a diffuse extension of the lesion. The

roof of the acetabulum (dotted line) is at high risk of mechanical

failure, while the posterior part (black asterisk) has very limited

weight-bearing function. C, D The roof was filled as much as possible

with cement, while the posterior part was left untreated. Small

asymptomatic anterior leakage in the soft tissue. E Axial CT scan in

another patient demonstrating a large supra-acetabular osteolytic

lesion (asterisk) with destruction of the lateral cortex (arrow). F Axial

CT scan more caudally shows that the medial wall of the acetabulum

(asterisks) is also completely destroyed. G Large volume cemento-

plasty was performed as the patient was not a surgical candidate due

to other comorbidities. H One-year follow-up shows recalcification

under systemic treatment. However, there is a complete destruction of

the hip joint due with acetabular protrusion
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not to over ablate the surrounding normal bone/cartilage, as

this might lead to post-ablation fracture and hip chon-

drolysis/osteonecrosis [46]. Some authors advocate the

additional use of balloon kyphoplasty following ablation

and prior to cement injection in order to increase the

chance of optimal acetabular roof filling and to prevent

intra-articular leakage of cement (Fig. 7C–G) [10]. This

could be considered analogous to tumor curettage. The

reinforcement of cement with pins/screws for lesions

located in the acetabular roof is increasingly being repor-

ted, even though there is no study demonstrating the

superiority of additional hardware reinforcement versus

cement alone for that specific indication [28]. Keeping in

mind that the contact between the hardware and cement

should be as large as possible in order to effectively

transmit the loads [47]. In the case of a non-displaced

acetabular pathological fracture, the use of screw fixation

allows fixation of the fragments and theoretically improves

the overall functional result over stand-alone cemento-

plasty [2, 9].

For extensive osteolysis with or without fracture

involving more than just the acetabular roof, percutaneous

consolidative techniques will have limited results for con-

solidation (Fig. 8). In particular, lesions that destroy both

the cortical bone of the roof and the medial wall of the

acetabulum expose the patient to a very high risk of

mechanical failure and protrusion of the femur inside the

pelvis [1, 43, 44]. Surgery should therefore always be

considered in those cases. If the patient is not a surgical

candidate, percutaneous cementoplasty ?/- screw fixation

and thermal ablation might be used for palliation with

reserved expectations for stabilization outcomes (Fig. 9)

[2, 48].

The Pubic Area

Biomechanics

The ilio- and ischio-pubic rami and the pubic symphysis

have limited weight-bearing function and participate to

load transmission essentially during the weight shift and

swing phases of walking [16]. At the pubic symphysis,

tensile stress is found at the superior and anterior aspect of

the pubic arch, while compressive stress occurs at the

inferior and posterior aspect of the arch [15]. This results in

bending moments in the intermediate region of the pubic

symphysis [15]. Because of their orientation and their

Fig. 9 Combined screw fixation and cementoplasty to consolidate a

complex acetabular pathological fracture. A Coronal oblique and

B sagittal oblique CT scan show a displaced pathological fracture of

the acetabulum, in a patient not eligible for surgery. C AP fluoro-

projection and D sagittal oblique CT scan: cementoplasty was

performed to reinforce the acetabular roof (asterisk) in combination

with one retrograde trans-pubic screw (black arrow) and two anterior

trans-iliac screws (white arrow) for fracture fixation. Partial mechan-

ical improvement was noted after the intervention

Fig. 10 Screw fixation of a pathological iliac wing fracture. A Axial,

B coronal and C VRT CT scan show a large osteolytic metastasis with

cortex destruction (white asterisk), responsible for a painful displaced

fracture of the iliac wing with a mobile fragment (black asterisk). D–
F Two screws were inserted perpendicular to the fracture line.

Excellent immediate functional result
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support for multiple muscular insertions, the ischio- and

ilio-pubic rami are submitted to complex stresses including

bending and shear [11].

Implications for Percutaneous Treatment

The pubic rami have little participation in the transmission

of mechanical loads within the pelvis and prophylactic

stabilization in an asymptomatic patient suffering from a

pubic bone osteolytic lesion or fracture is not mechanically

necessary. In the traumatic and oncologic surgical litera-

ture, fixation/reconstruction of a unilateral pubic fracture/

bone lesions is typically not performed [1, 49].

In the case of a mechanically symptomatic osteolysis,

interventional radiology offers an effective minimally

invasive solution [2, 9]. Similarly to trauma, percutaneous

screw fixation is an effective technique to achieve prompt

stabilization and is usually performed with a retrograde

transpubic ascending access (Fig. 9) [2, 9, 50]. Cement

may be added to reinforce the anchorage of the hardware,

but cementoplasty alone will not be as effective as screw

fixation in terms of mechanical reinforcement due to its

weak resistance to shear forces [2, 9, 23, 28].

The Iliac Wing

Biomechanics

The iliac wing has very little bearing function and does not

participate in the transmission of loads [1, 16]. However, it

still sustains complex stresses during walking because of

the insertions of various groups of muscles with strong

functional activities [11].

Implications for Percutaneous Treatment

Osteolysis located in the iliac wing does not compromise

the transmission of loads throughout the pelvis and pro-

phylactic consolidation is usually not necessary [1]. How-

ever, extensive cortical and cancellous bone loss in this

area may increase the risk of fracture of the iliac wing

similar to that seen following bone harvesting for ortho-

pedic and spine surgeries [51]. In particular, bone loss at

the level of the anterior superior iliac spine seems to

increase the risk of fracture [51, 52]. Cementoplasty is not

effective to fix a pathological fracture of the iliac wing

because of the complex involved stresses and the inability

of cement to fix two bony fragments together [2, 23].

Percutaneous screw fixation is an excellent tool to con-

solidate a pathological/post-ablation iliac wing fracture,

allowing early mobilization of the patient (Fig. 10)

[2, 9, 53, 54]. Care should be taken to use long screws

bridging the fracture line as perpendicular as possible with

both extremities anchored in normal bone. The addition to

cement might allow to increase the stability of the screw

should the landing zone of one extremity of the screw be

located in bone of poor underlying quality (e.g. osteopenia,

post-radiation/ablation) [2, 9, 28].

Conclusion

The sacral promontory and the acetabular roof are the most

critical mechanical portions of the pelvis, mostly submitted

to compressive stresses, and should always be carefully

evaluated for consolidation. For all other localizations, the

risk of mechanical failure can be considered as much

lower, especially if the cortical bone is intact, within

decreasing functional importance of the sacro-iliac, pubis,

ischium and the iliac wing regions. The choice of optimal

treatment should always be tailored to the clinical and

radiological features of the tumor.
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