®

Check for
updates

Hybrid Imaging and Radionuclide
Therapy of Musculoskeletal Diseases

Paola Anna Erba, Martina Sollini, Roberta Zanca,
Roberto Boni, Lesley Flynt, Elena Lazzeri,

Giuliano Mariani, and Torsten Kuwert

Contents

24.1 Structure and Functions of the Skeletal System
24.1.1  Bone Structure: Osteoblasts, Osteoclasts, and Hormonal Control
24.1.2  Bone Remodeling

24.1.3  Bone Development and Changes with Age.

24.2 Radiopharmaceuticals for the Evaluation of the Skeletal System.
24.2.1  *"Tc-Diphosphonates.

24.2.2  Quantitative Bone SPECT/CT.

24.2.3  '8F-Fluoride PET.

24.2.4  Perspectives for Radiolabeled Diphosphonates
243 Clinical Applications

24.3.1  Primary Bone Tumors

24.3.2  Fibrous Bone Dysplasia

24.3.3  Metastatic Bone Tumors

24.4 Benign Bone Disease

24.4.1  Workup of Bone Pain

24.5 Metabolic Bone Diseases

24.5.1  Osteoporosis

24.5.2  Osteomalacia

24.5.3  Primary and Secondary Hyperparathyroidism
24.5.4  Renal Osteodystrophy........

24.5.5  Hypertrophic Osteoarthropathy.

24.6 Trauma and Fractures

24.6.1  Occult Fractures or Trauma

24.6.2  Stress Fractures

P. A. Erba - R. Zanca - G. Mariani

Regional Center of Nuclear Medicine, Department of Translational

24

572

................................................. 572

573

573

573

573

581

581

584

584

584

588

590

595

595

599

599

602

603

604

604

605

605

605

E. Lazzeri

Research and Advanced Technologies in Medicine and Surgery, Pisa, Italy

University of Pisa, Pisa, Italy
M. Sollini

Department of Biomedical Sciences, Humanitas University,

Milan, Italy
R. Boni

T. Kuwert (<)

Regional Center of Nuclear Medicine, University Hospital of Pisa,

Clinic of Nuclear Medicine, Friedrich-Alexander-University of

Nuclear Medicine Service, “Papa Giovanni XXIII” Hospital,

Bergamo, Italy
L. Flynt

Department of Nuclear Medicine, M.D. Anderson Cancer Center,

Houston, TX, USA

© Springer Nature Switzerland AG 2019

D. Volterrani et al. (eds.), Nuclear Medicine Textbook, https://doi.org/10.1007/978-3-319-95564-3_24

Erlangen-Niirnberg, Erlangen, Germany
e-mail: Torsten.Kuwert @uk-erlangen.de

571


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-95564-3_24&domain=pdf
https://doi.org/10.1007/978-3-319-95564-3_24#DOI
mailto:Torsten.Kuwert@uk-erlangen.de

572 P.A.Erbaetal.
24.7 Vascular DISOTders............ccoiiiiiiiiniiiiiicci ettt 608
24.7.1  Aseptic Necrosis of the Femoral Head...........ccccccooiiiiiiinininiiniiiccciiiiccenenen 608
24.7.2  Sympathetic RefleX DYStrOPRY......cccveuiioieieiirieeiieieiteeeeteeeteee ettt ese et ese s se e esens 609
24.8 INAlammMEAtIoN...... ..o
24.8.1  Rheumatoid Arthritis........

24.8.2  Seronegative Spondyloarthropathies

249 Infection..........ccoevvvviniviiininininiiiiccccnee 613
249.1  Radionuclide Imaging of Infection/Inflammation.............ccoceeciiinininininiiniiiicccccccec, 614
24.9.2  SPONAYIOISCILIS. ..veururererirereeieteeieteeietereteseeessesesssseseasesesassesesassesessssesesansesesansesesansesesansssesannnss 620
2493  Infection/Inflammation of Prosthetic Joint Implants, 623
249.4  Non-radionuclide Imaging for Infection/Inflammation of Prosthetic Joint Implants.................. . 624
24.9.5 Radionuclide Imaging for Infection/Inflammation of Prosthetic Joint Implants.............ccocevvuneee. 624
24.10 Paget’s Disease of the Bome..............cccococoniiiniiiiniiiinicicicctecctecte e 628
24.11 Treatment of Skeletal Metastases with Bone-Seeking Radiopharmaceuticals................... . 629
24.11.1  Generalities on Metastatic Disease to the SKeleton..........c.ceuvveeeeuereiriniiecueueienrieeecreneneneees 629
24.11.2  Pathophysiologic Bases for the Use of Bone-Seeking Radiopharmaceuticals.............cccccucuueeeee. 631
24.11.3  Bone-Seeking Radiopharmaceuticals for Therapy.

24.11.4  Clinical Use of f~ Particle-Emitting Bone-Seeking Radiopharmaceuticals..........c.coceuruerereenenee. 633
24.11.5  Clinical Use of the o** Emitter ***Ra-dichloride..... 637
REFEIEIICES...........ooeeii et 639

Learning Objectives

e To understand the principles of bone physiology and
metabolism.

e To understand bone remodeling and bone development.

e To learn the protocols used for bone scintigraphy, includ-
ing SPECT/CT.

* To become acquainted with how a bone scintigram should
be interpreted.

* To become familiar with quantitative skeletal SPECT/
CT.

 To learn the principles of *F-fluoride PET and of poten-
tial new tracers of bone metabolism.

e To learn how bone scintigraphy can be used in the diag-
nostic workup of primary bone tumors.

e To learn how bone scintigraphy can be used to stage
malignant disease.

* To understand how bone scintigraphy in conjunction with
SPECT/CT can be used in the diagnostic workup of bone
pain.

e To learn the scintigraphic appearance of benign bone dis-
ease such as metabolic bone disease, osteonecrosis, frac-
tures, inflammation, and infection and how bone
scintigraphy can be used in the diagnostic workup of
these conditions.

e To understand the rationale of using bone-seeking radio-
pharmaceuticals labeled with radionuclides emitting elec-
trically charged particles for treatment of painful bone
metastases.

e To learn the principles and procedures of employing
bone-seeking radiopharmaceuticals labeled with radionu-
clides emitting f~ or ot particles for treating patients
with metastatic bone disease.

Structure and Functions
of the Skeletal System

241

Bone tissue is a specialized form of connective tissue, which
allows deposition of calcium and phosphate in its extracel-
lular matrix conferring remarkable hardness and strength. It
fulfills three main functions:

e Support of the body and as a site for the insertion of skel-
etal muscles.

e Protection of major organs and bone marrow.

e Storage of calcium and phosphate, with a central role in
maintaining calcium homeostasis in body fluids.

24.1.1 Bone Structure: Osteoblasts,
Osteoclasts, and Hormonal Control

The cells involved in the bone formation process are called
osteoblasts. Their differentiation from stromal progenitor
cells (originally mesenchymal cells from the mesodermal
germ line) is stimulated by factors such as parathyroid hor-
mone (PTH), prostaglandin, and some growth factors. The
main function of the osteoblasts that produce many molecules
(e.g., TGF, IGFs, PDGF) is to synthesize the bone matrix—an
organic backbone. After its synthesis, the bone matrix is min-
eralized and constantly regenerated as a result of the continu-
ous bone remodeling process. The main constituent of the
bone matrix is type I collagen, although minimal amounts of
collagen type III, V, and FACIT are involved; non-collagen
proteins account for about 10-15% of the bone matrix. The
extracellular matrix, and especially type I collagen that guar-
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antees elasticity and flexibility, determines bone structure.
Growth of the mineral component (initially localized in spe-
cific sites of the collagen matrix, in the spaces between fibers)
is facilitated by high levels of calcium and phosphorus.

Osteoclasts are plurinuclear giant cells responsible for initi-
ating the bone remodeling process. They are produced by the
bone marrow, and mature cells act under the effect of PTH and
other local substances, such as tumor growth factor (TGF),
tumor necrosis factor (TNF), interleukin-1 (IL-1), and interleu-
kin-6 (IL-6). Vitamin D (1,25-dihydroxycholecalciferol) is a
powerful stimulator of osteoclastic activity, promoting the dif-
ferentiation of osteoclast precursors and inhibiting proliferation
of T cells via interleukin-2 (IL-2); calcitonin (CT) inhibits the
action of mature osteoclasts. Other local factors are involved in
the control of bone remodeling, IL-1 being one of the most pow-
erful stimuli for osteoclasts (although its effect is mediated, at
least in part, by PGs). Another important cytokine involved in
this complex process is IL-6, which is secreted by bone cells in
response to PTH and vitamin D. Osteoprotegerin (OPG) acts as
an antagonist on the bone remodeling process of osteoclasts.
The sequence of the cellular events that accompany bone tissue
loss is at the base of the bone remodeling processes that takes
place both during aging and in some pathological conditions
(e.g., osteoporosis, fractures, myeloma, metastasis).

Cortical bone and trabecular bone can be considered as
two distinct entities, each characterized by specific modifica-
tions at each stage of bone remodeling, depending on the
environment in which bone cells are.

24.1.2 Bone Remodeling

Bone remodeling is a continuous process of renewal of the
skeleton that occurs throughout life, with the aim of preserv-
ing its mechanical integrity. This process involves continuous
removal of bone tissue (bone reabsorption) followed by the
synthesis of new bone matrix and subsequent mineralization
(bone formation). The removal of the “old” bone by the osteo-
clasts implies the release of calcium and other components of
the matrix into the serum. Bone remodeling involves two
types of cells, osteoclasts and osteoblasts, the interaction of
which is finely balanced; minimal alterations of this balance
may result in loss of bone matrix or, rarely, increase in the
bone mass.

The outer portion of the bone is a thick layer of calcified tis-
sue, the cortical bone (i.e., compact bone), located in the diaphy-
sis where the hematopoietic bone marrow is contained. Toward
metaphyses and epiphyses, the cortical bone becomes thinner,
and the medullary channel is occupied by trabecular structures
thin and calcified that form the spongy bone (i.e., trabecular or
cancellous bone). The space circumscribed by trabeculae con-
tains hematopoietic elements in direct communication with
those contained in the medullary cavity of the diaphysis. Despite
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their structural and functional differences, cortical bone and tra-
becular bone are composed of the same cellular elements and
extracellular matrix. The main structural difference is quantita-
tive: 80-90% of compact bone is calcified, while the calcified
component accounts for only 15-25% in the trabecular bone.
This difference in composition mirrors functional differences:
cortical bone has purely protective and structural functions,
while the main function of the trabecular bone is metabolic.

24.1.3 Bone Development and Changes
with Age

The volume of cortical bone (mainly present in the long
bones and the appendicular skeleton) is regulated by the for-
mation of the periosteal bone and the remodeling of both
Havers channels and endosteal bone. In females, the loss of
cortical bone (which is the main factor predisposing to verte-
bral and femoral fractures) begins after 40 years and is accel-
erated 5-10 years after menopause. The loss of trabecular
bone occurs only after menopause. Bone remodeling begins
with the activation of the osteoclast precursors and is fol-
lowed by the formation of “mature” osteoclasts that are usu-
ally grouped in small pits (the Howship lacunae) on bone
surfaces; it ends with the apoptosis (programmed cell death)
of osteoclasts. Osteoclasts’ apoptosis causes some osteoblas-
tic cell modifications (chemotaxis, proliferation, and differ-
entiation) which promote bone mineralization that ends with
discontinuation of osteoblast activity (usually with complete
regeneration of the reabsorption lacunae).

Key Learning Points

* Bone remodeling is a continuous process of renewal
of the skeleton.

It involves bone reabsorption and new bone forma-
tion by the osteoclasts and osteoblasts, respectively.

* After the age of 40, loss of bone occurs, consider-
ably accelerated in females post menopause.

24.2 Radiopharmaceuticals
for the Evaluation of the Skeletal
System

24.2.1 *"Tc-Diphosphonates

Bone uptake and retention of radiopharmaceuticals belong-
ing to this family (see Chap. 2) is related to calcium content:
soft tissues have a low calcium level (0.005%) and exhibit
only weak uptake, while bones have a high calcium content
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(14-24%) and exhibit high uptake. Other factors determin-
ing the degree of radiopharmaceutical uptake in bones
include bone perfusion, the nature of calcium phosphate
deposits, including size, hydration status, Ca/P ratio, and the
osteoblastic/osteoclastic metabolic activity. Trabecular bone
has a higher retention index than cortical bone. Therefore,
the femur (with its thick cortical component) has a lower
retention index than the ribs. Retention in metaphyseal bone
(with 14.3% calcium content, rich vascularization, and high
metabolic activity) is 0.77% dose/g at 3 h, higher than 0.49%
dose/g in diaphyseal bone (which has 23.9% calcium content
but is less vascularized). Uptake of bone-seeking radiophar-
maceuticals is bound to adequate blood perfusion, so that
avascular necrosis appears on the bone scan as a “cold” spot
in the early stage (1-2 weeks). Only after the beginning of
bone remodeling, the previously “cold” area shows radio-
pharmaceutical uptake. Increased blood flow results in high
radiopharmaceutical uptake.

24.2.1.1 Protocols for **"Tc-Diphosphonate
Scintigraphy

Current EANM guidelines provide an overview of the proto-
cols used for radionuclide imaging of bone metabolism [1].
The average injected activity for bone scintigraphy in an
adult person is 500 MBq (13 mCi), and the skeleton receives
the highest radiation exposure. In children, the administered
activity must be based on body weight according to the
EANM/SNMMI Pediatric Dosage Harmonization Working
Group [2, 3]; however, a minimum activity of 40 MBq is
required to obtain images that can be interpreted correctly.

Images are usually acquired about 3 h after radiopharma-
ceutical injection, except for the three-phase bone scan typi-
cally performed in case of a clinical suspicion of infection or
inflammation (e.g., osteomyelitis, prosthesis loosening, or
infection). The three-phase bone scan requires dynamic
acquisition of a rapid sequence of images of a specific region
of interest, which yields a vascular (or blood flow) phase
image, performed simultaneous to the i.v. injection of the
radiopharmaceutical. This is followed by blood pool phase
images acquired about 1-10 min after injection; finally, about
3 h later, a whole-body scan and planar (and possibly SPECT/
CT) images of specific regions of interest are acquired.

In the interval between radiopharmaceutical injection and
late image acquisition, the patient should be hydrated with at
least 1.5 L of water to promote urinary excretion of the frac-
tion of radiopharmaceutical not adsorbed to the skeleton, and
to enhance scintigraphic contrast as well as the bone-to-soft-
tissue ratio. Overall quality of the images can be affected by
other factors, such as renal and/or heart failure, obesity, and
advanced age.

Images are acquired with a single- or double-headed
gamma camera equipped with low-energy high-resolution
parallel-hole collimators (recommended). Alternatively,

low-energy general-purpose collimators may be used [1]. A
high-resolution pinhole collimator can be used to evaluate
small anatomical details (e.g., the femoral head), particularly
in children.

Total-body imaging (see example in Fig. 24.1): Acquisition
of anterior and posterior views with a matrix of 256 x 1024
or 512 x 2048, zoom factor 1, scanning speed between 10
and 15 cm/min (adjusted to obtain more than 1.5 million

Fig. 24.1 Standard images acquired for planar whole-body skeletal
scintigraphy about 3 h after the i.v. administration of **Tc-HDP. The
left panel depicts the anterior and posterior views obtained in the whole-
body imaging mode (with arms along the body). Tracer distribution
throughout the skeleton only shows diffuse mild inhomogeneities (e.g.,
in lower portion of thoracic spine), with mildly increased uptake cor-
responding to the anterior arc of the second left rib. Furthermore, there
is apparent focally increased tracer uptake at the posterior tract of the
last ribs, due to overlapping of these bone segments with the kidneys,
site of physiologic excretion. Radioactivity accumulation in the urinary
bladder is clearly recognized (modified from: Volterrani D, Erba PA,
Mariani G, Eds. Fondamenti di Medicina Nucleare — Tecniche e
Applicazioni. Milan: Springer Italy; 2010)
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counts/image). If available, a body contour system should be
used, as it automatically changes position of the gamma
camera head to maintain a minimum distance between the
collimator and the patient. Without automatic contouring,
the distance between the head of the gamma camera and the
patient should be maintained as close as possible. Total-body
images can be obtained in two different modes (often both
options are available with the same scanner):

e Sequential images: the head of the gamma camera col-
lects an image, then it moves to the adjacent district, and
the acquisition/processing system provides at the end a
complete picture of the skeleton.

e Continuous images (preferred in adults).

When a total-body acquisition system is not available,
multiple planar images may be acquired, paying attention to
overlap each spot to the next one, in order not to miss any
area that could be the site(s) of pathological findings.

Planar images of regions of interest (see example in
Fig. 24.2): The anterior, posterior, oblique, or lateral views
are generally acquired with a matrix of 128 x 128 or

Fig. 24.2 Planar spot images
obtained in the same patient
as in Fig. 24.1. The top panel
depicts the anterior and
posterior views of the chest
that are acquired with the
arms raised in order to resolve
in part overlapping of
anatomic structures in the
upper torso—particularly in
the posterior view. Irregular
tracer uptake in the
cartilaginous tract of ribs
adjacent to the sternum
reflects partial calcification of
the sterno-chondral tracts.
The bottom panel depicts the
right lateral and left lateral
views of the chest. There is
some scintigraphic
visualization of the kidneys,
projecting almost to overlap
the spine (modified from:
Volterrani D, Erba PA,
Mariani G, Eds. Fondamenti
di Medicina Nucleare —
Tecniche e Applicazioni.
Milan: Springer Italy; 2010)

256 x 256, zoom factor 1.33, and a predefined acquisition
time (4—10 min) or predefined number of counts. When using
a predefined number of counts, this should be determined
based on the region of interest (Table 24.1) depending on the
field of view (FOV) of the gamma camera: the larger the
FOV, the greater the number of total counts required to yield
similar count densities over equivalent regions of the skele-
ton [1].

Planar imaging may be integrated with images obtained
using a pinhole collimator (50,000—100,000 total counts) to
evaluate small structures or to better visualize some details
(Fig. 24.3).

SPECT or SPECT/CT acquisition: The region of interest
should be placed in the center of the FOV of the gamma cam-
era. SPECT imaging should be performed as recommended

Table 24.1 Recommended number of counts per region of interest
according to the EANM practice guidelines for bone scintigraphy

Predefined number of counts
250,000-400,000
700,000-1,000,000
150,000-250,000

Region of interest

Skull and large joints
Thoracoabdominal region
Distal joints
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Fig. 24.3 High-resolution acquisitions using a pinhole collimator of
the two hips obtained about 3 h after administration of *"Tc-HDP in a
16-year-old boy with recent avascular necrosis of the left femoral head.
Acquisition with a pinhole collimator results in the production of a
circle-shaped image; the two images acquired separately for each hip
are positioned side-by-side. The right hip (indicated by gray arrow)
shows a normal pattern of tracer distribution, where the growth plates
are clearly visible (due to young age of the patient); in the left hip, there
is a focal area of reduced tracer uptake, corresponding to the non-
perfused bone. At later stages after onset of the event, bone remodeling
in the left hip during healing will result in increased tracer uptake
(reproduced with permission from: Volterrani D, Erba PA, Mariani G,
Eds. Fondamenti di Medicina Nucleare — Tecniche e Applicazioni.
Milan: Springer Italy; 2010)

by the gamma camera manufacturer [1]. In a typical acquisi-
tion protocol for a dual-headed gamma camera with the
detector heads oriented in a 180°geometry using a step-and-
shot modality, a total of 60 or 64 frames per detector head,
each with a duration of 10-30 s, are acquired over 360° into
a 128 x 128 matrix (pixel size 4.6 x 4.6 mm). The acquisition
time should be increased to 30—40 s per angular view when
imaging regions with low counts (e.g., the skull). An equiva-
lent total number of counts should be acquired if continuous
acquisition is used. Regarding the CT component of a
SPECT/CT acquisition, particular attention should be paid to
patient positioning, since the region of interest must be
entirely included in the space delimited by the specific points
on the imaging table.

Three-phase bone scan acquisition (see example in
Fig. 24.4):

e Vascular or blood flow phase: dynamic acquisition (30—
60 frames of 1-2 s) of the region of interest starts simul-
taneously  with the iv. injection of the
radiopharmaceutical.

* Blood pool phase: planar images of the region of interest
(3-5 min, matrix size 128 x 128 or 256 x 256, zoom fac-
tor 1.33) are acquired within 10 min of tracer injection,
preferably at 5 min.

e Delayed phase: acquisition of the whole body in anterior
and posterior views about 3 h after tracer administration.

Whole-body images may be implemented with additional
planar images of the specific region of interest including

anterior, posterior, oblique, and/or lateral views (matrix
128 x 128, zoom factor 1.33), with SPECT (preferably
SPECT/CT) acquisitions, or with images acquired with a
pinhole collimator.

24.2.1.2 Post-acquisition Processing for
9mTc-Diphosphonate Scintigraphy

No specific image processing is required for whole-body and
planar images, except for setting the display contrast to visu-
alize the low-count segments. Processing is more complex
for dynamic three-phase scintigraphy (Fig. 24.4). The blood
flow phase is processed by drawing two regions of interest
(ROIs), respectively, over the suspected area and over a ref-
erence region—typically the contralateral, nonaffected seg-
ment. The corresponding activity/time curves so obtained
show the regional blood flow, which increases in case of
acute inflammation/infection. For the blood pool images, the
degree of radiopharmaceutical accumulation in the area of
interest (which is compared to the contralateral one) reflects
the degree of capillary permeability, which is abnormally
increased in case of inflammation/infection. In the delayed
images, any area of increased tracer uptake resulting from
bone remodeling is evaluated.

In case of SPECT and SPECT/CT acquisitions, parame-
ters for image reconstruction may vary for different
manufacturers.

Images are a crucial component of the examination; there-
fore, they should be provided to the patient and to the refer-
ring physician together with the final medical report.

Key Learning Points

e Bone uptake of *"Tc-diphosphonates depends on
perfusion, bone calcium content, and the osteoblas-
tic/osteoclastic metabolic activity.

* Whole-body images of bone metabolism are usu-
ally acquired about 3 h after radiopharmaceutical
injection.

e In case of infection/inflammation, the delayed
images are complemented by images of blood flow
obtained directly after tracer injection and of blood
pool acquired about 5 min later.

e Planar scans may be complemented by SPECT or
SPECT/CT acquisitions.

24.2.1.3 Interpretation Criteria

The most important finding of a normal bone scan is its left-
to-right symmetry. The bone segments more exposed to phys-
ical stress (e.g., sacroiliac region, vertebrae, major joints)
undergo more active bone remodeling and can therefore
appear as “hot” spots relative to the remainder of the skeleton
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Fig.24.4 Summary information derived from a three-phase bone scin-
tigraphy performed in a patient with avascular necrosis of left femoral
head evaluated in the subacute phase. The eight images in top panel are
selected frames from the dynamic acquisition, showing the tracer still in
the intravascular phase immediately upon its i.v. bolus injection; the
aortoiliac bifurcation is clearly recognized. The activity/time curves in
right middle panel correspond to two ROIs defined over the two femoral
heads; the higher curve corresponds to the left femoral head, where
blood perfusion is now enhanced versus the right femoral head—cor-
responding to the recovery phase. The left middle panel depicts static

acquisition at 5 min post-injection—the so-called “blood pool” phase;
there is obviously increased radioactivity accumulation at the left hip,
corresponding to increased capillary permeability. The two images in
lower panel depict the static anterior and posterior views acquired about
3 h post-injection; markedly enhanced bone remodeling in left hip,
where the core of the femoral head still exhibits reduced metabolic
activity and is surrounded by active bone remodeling (modified from:
Volterrani D, Erba PA, Mariani G, Eds. Fondamenti di Medicina
Nucleare — Tecniche e Applicazioni. Milan: Springer Italy; 2010)
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Fig. 24.5 Planar whole-body skeletal scans in children and adoles-
cents. Anterior (a) and posterior (b) views obtained in a child in the
6-8-year age range. Anterior (c¢) and posterior (d) views obtained in a

(Fig. 24.1). Similarly, areas with active bone remodeling dur-
ing growth in children and adolescents exhibit markedly
increased uptake on the bone scan (Fig. 24.5). Particular
attention should be paid to the evaluation of some districts:

e Skull: counts are relatively low. Cranial suture lines are
visualized in approximately 1% of the adults. In the ante-
rior view, orbital and facial bones are well visualized;
some uptake may be present at maxilla and ethmoid, as
result of chewing-induced stress. In childhood, the suture
between the sphenoid and the occipital bone may be par-
ticularly evident.

e Neck: the cervical vertebrae can be distinguished only
using high-resolution acquisitions; the spinous process of
C7 is usually well visualized. In physiologic conditions,
tracer uptake in the neck (in the absence of free *™Tc-
pertechnetate) can be observed in the thyroid cartilage or
the hyoid bone.

preadolescent child in the 10—12-year age range (radioactivity accumu-
lation at the right wrist is due to some residual tracer remaining at the
injection port)

e Chest: the joint between the manubrium and body of the
sternum may exhibit increased tracer uptake, as also the
sternoclavicular joints. In elderly people it is common to
observe some tracer uptake in the calcified rib cartilages.
The ribs normally exhibit relatively low tracer uptake,
although insertion of the erector spinae muscles can cause
uptake inhomogeneity (physiological variant in about 7%
of subjects). The scapulae are well visualized, with
increased activity at the lower tip, where the mechanical
stress associated with muscle insertion is greater.

* Spine: the upper thoracic vertebrae are not displayed indi-
vidually, whereas the lower thoracic and lumbar vertebrae
are well seen. The physiological lumbar lordosis often
makes the lumbar vertebrae to seem relatively “hot” in the
anterior view.

e Pelvis: tracer uptake is usually symmetric between the
right and left sides; even if the patient is asked to void the
bladder immediately before acquiring the scan, it is com-
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mon to observe some residual accumulation of activity in
the bladder, which may mask the pubic bone/symphysis
and sacrum.

e Upper and lower limbs: there is relatively low activity. A
relatively increased tracer uptake is typically seen in the
periarticular regions; in children the presence of increased
tracer uptake in the epiphysis of long bones (growth plate)
is common as it reflects the physiologic process of bone
growth (see Fig. 24.5).

Scintigraphic images depict the extent of bone remodel-
ing, mostly with reference to the mineral component. In fact,
the degree of tracer uptake is mainly related to increased
osteoblastic activity. Osteolytic lesions (most often caused
by bone metastases from various cancers) are almost invari-
ably associated with an osteoblastic reaction, which
(although insufficient to counterbalance osteolysis) is gener-
ally sufficient to induce increased tracer uptake on the bone
scan. However, the uptake of bone-seeking radiopharmaceu-
ticals is related to several physiological and pathological
conditions in the absence of significant osteolysis: bone frac-
ture (increased tracer uptake may last for years), osteoarthri-
tis, Paget’s disease of the bone, and so on. “Pure” osteolytic
lesions without osteoblastic reaction (such as those fre-
quently caused by myeloma and some metastases from renal
cancers) are generally negative on the bone scan. Based on
these considerations, an accurate medical history aimed at
identifying prior traumas, fractures, surgical interventions,
or other concomitant diseases should be obtained before per-
forming and evaluating bone scintigraphy.

In certain clinical situations, the normal contrast
between healthy and pathological tissues (as well as
between the skeleton itself and soft tissues) is reduced as a
consequence of an increased background activity due to
altered distribution and/or excretion of the tracer, for
example, in case of renal failure or obesity (Fig. 24.6).
Altered biodistribution of the radiopharmaceutical can
also result from an error during administration, as it occurs
in case of partial tracer extravasation out of a vein; in this
case a focal area of uptake is observed at the injection site,
and it may be associated with visualization of one or more
(axillary) lymph nodes on the same side. Such findings are
generally well recognized as non-pathological; however,
in case of nontypical sites of injection, such “hot” spot
areas may be a potential source of misinterpretation of
images. Although rarely happening, there is the possibility
that the radiopharmaceutical is erroneously injected in an
artery rather than in a vein; in this case, scintigraphy dif-
fers considerably from the normal pattern, resulting in
intense tracer accumulation in the portion of the arm distal
from the injection site, where bone/soft tissue contrast is
remarkably low due to persisting high background activity
(Fig. 24.7).

Fig. 24.6 Planar whole-body scan (anterior and posterior views)
obtained in a morbidly obese woman about 3 h after i.v. administration
of #"Tc-HDP. Scintigraphic visualization of the skeleton is markedly
impaired both because of low bone-to-soft-tissue ratios and because of
attenuation of y-rays by the overabundant adipose tissue, particularly in
the anterior view. Increased tracer uptake can be noticed at the knees,
most likely due to degenerative osteoarticular disease caused by the
increased workload on the joints associated with obesity (reproduced
with permission from: Volterrani D, Erba PA, Mariani G, Eds.
Fondamenti di Medicina Nucleare — Tecniche e Applicazioni. Milan:
Springer Italy; 2010)

In three-phase bone scintigraphy, the activity/time curve
of the pathological segment reaches a higher peak than the
contralateral side when blood flow is increased, while the
peak is lower in case of reduced perfusion. Increased radioac-
tivity accumulation in the blood pool image is a consequence
of increased capillary permeability (with possible local
edema) associated with inflammation/infection, while
increased tracer uptake observed in the delayed phase denotes
an active process of bone remodeling. Three-phase bone scin-
tigraphy is generally used to confirm lesion(s) characterized
by hyper-vascularization and increased bone remodeling. A
typical example is seen in acute osteomyelitis, where increased
vascularization (accumulation in the blood flow phase) coex-
ists with increased capillary permeability (accumulation in
blood pool images) and with increased osteoblastic activity
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(uptake in delayed images). The early phase of aseptic (avas-
cular) necrosis of the femoral head is characterized by hypo-
vascularization (hypoperfusion in the blood flow phase)
visible as a “cold” area with an intense peripheral uptake in
the delayed images, the latter reflecting repair and bone
remodeling. A three-phase bone scintigraphy is the investiga-
tion of choice in patients with suspected prosthetic loosening
with some probability of infection.

el
a' d

cwhy
£ ']

Fig.24.7 Planar whole-body scan obtained about 3 h after administra-
tion of *“Tc-MDP in a patient previously submitted to left nephrec-
tomy. The tracer had inadvertently been injected intra-arterially rather
than intravenously, resulting in markedly enhanced radioactivity accu-
mulation in the soft tissues distal to the point of intra-arterial injection,
with a pattern resembling an “evening glove.” As an incidental finding,
the left lower limb (where lymphedema secondary to left nephrectomy
and lymphadenectomy is present) is increased in size and exhibits
enhanced radioactivity accumulation versus the right lower limb (repro-
duced with permission from: Volterrani D, Erba PA, Mariani G, Eds.
Fondamenti di Medicina Nucleare — Tecniche e Applicazioni. Milan:
Springer Italy; 2010)

In conclusion, the possible sources of error when inter-
preting a bone scan include focal soft tissue spot (e.g., intra-
muscular injections, hematoma, severe renal failure,
hypercalcemia), partial tracer extravasation, attenuation arti-
facts caused by metal prostheses, motion artifacts, urinary
contamination, superimposition of bladder activity, “pure”
lytic lesions, renal failure, and homogenously increased
bone activity (e.g., superscan) [1].

Table 24.2 summarizes the main clinical indications for
bone scintigraphy with *™Tc-diphosphonates [1].

Table 24.2 Summary of indications for bone scintigraphy with
9mTc-diphosphonates according to the EANM guideline?

Oncology

* Solid tumors with high propensity for bone metastasis,
including prostate, breast, lung, and renal cancers
* Malignant hematological disease (lymphomas) limited to bone

* Primary bone tumors and bone dysplasia, including
osteosarcoma, osteoid osteoma, osteoblastoma, fibrous
dysplasia, giant cell tumor

* Soft tissue sarcomas, including rhabdomyosarcoma

* Paraneoplastic syndromes, including hypertrophic pulmonary
osteoarthropathy, algodystrophy, polymyalgia rheumatica,
poly-dermatomyositis, and oncogenic osteomalacia

« Distribution of osteoblastic activity before radionuclide therapy
with bone-seeking agents

Rheumatology

* Chronic inflammatory arthritis, including rheumatoid arthritis,
spondyloarthropathies and related disorders (ankylosing
spondylitis, psoriatic arthritis, Reiter’s arthritis, SAPHO
syndrome [synovitis, acne, pustulosis, hyperostosis, osteitis],
chronic recurrent multifocal osteomyelitis), and sacroiliitis

* Osteoarthritis of the lumbar facet joints and hip, femorotibial
and femoropatellar osteoarthritis, rhizarthrosis, tarsal
osteoarthritis

» Enthesopathies, including plantar fasciitis, Achilles tendinitis,
and bursitis

* (Avascular) Osteonecrosis, most frequently located at the
femoral head, femoral condyle, and tibial plateau
* Osteonecrosis of the jaw

» Complex regional pain syndrome type I of the hand, hip, knee,
and foot

¢ Tietze’s syndrome (costochondritis)

* Polymyositis

* Paget’s disease of bone

» Langerhans cell histiocytosis (LCH): single system LCH and
multisystem LCH with bone involvement

* Non-Langerhans cell diseases, such as Erdheim-Chester
disease, Schnitzler syndrome, and Rosai-Dorfman disease

* Other rare osteoarticular diseases, including sarcoidosis with
bone involvement, mastocytosis, Behget’s disease, and familial
Mediterranean fever

Bone and joint infection

» Osteomyelitis (acute, subacute, or chronic, of bacterial,
mycobacterial, or fungal origin)

« Septic arthritis

 Spondylodiscitis or spondylitis
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Table 24.2 (continued)

« Septic loosening or mechanical complication of internal fixation
(long bones or spine) or arthroplasty (hip, knee, ankle, or
shoulder)

* Malignant (necrotizing) external otitis

Orthopedics, sports and traumas

* Periostitis, including shin splints and thigh splints

« Enthesopathies, including plantar fasciitis, Achilles tendinitis,
and bursitis

 Spondylolisthesis (acute or subacute)

» Radiologically occult stress-related fractures (e.g., scaphoid,
tarsals) or nonspecific symptoms

« Insufficiency fractures, including osteoporotic vertebral or
occult fractures, sacral fractures, femoral head or neck fractures,
tibial plateau fractures, and tarsal and metatarsal fractures

» Septic loosening, mechanical complication, and synovitis of
internal fixation (long bones or spine) or prosthesis (hip, knee,
ankle, or shoulder)

 Pseudoarthrosis (delayed union, nonunion)
* Periarticular heterotopic ossification
* Viability of bone graft

Metabolic bone disease
* Primary and secondary hyperparathyroidism
* Osteomalacia

* Renal osteodystrophy

* Rare skeletal manifestations of endocrine disorders, including
hyperthyroidism and acromegaly

e Vitamin D deficiency

Pediatrics
» Osteochondritis of the hip (Legg-Calvé-Perthes disease)
* Transient synovitis of the hip

* Osteoid osteoma

« Battered child syndrome
¢ Mandibular condylar hyperplasia
¢ Bone infarction (sickle cell disease, thalassemia)

Exploration of unexplained symptoms

« Subacute or chronic musculoskeletal or bone pain with normal
clinical examination and radiographs (arthralgia, monoarthritis,
oligoarthritis, polyarthritis, localized or multifocal bone pain,
backache)

* Further exploration of abnormal biochemical (e.g., phosphate or
calcium metabolism) or radiological findings

* Fever of unknown origin: exclusion of osteomyelitis

It should be noted that this basically is a compilation of the skeletal
conditions that imply increased uptake of bone-seeking radiopharma-
ceuticals. Therefore, from the diagnostic point of view, virtually all
such conditions should be considered when interpreting a positive bone
scintigraphy, taking into account also the specific clinical scenario
based on which the referring physician ordered the bone scan

24.2.2 Quantitative Bone SPECT/CT

To date SPECT/CT systems allow quantification of osseous
radioactivity concentration in absolute units, such as kBq/
mL with an acceptable degree of accuracy. About 3 h after
i.v. injection of *Tc-diphosphonates, vertebral radioactivity
concentration is in the range of 50 kBq/mL, translating into
standardized uptake values (SUV) of around 6 [4]. SUV cor-

relates with CT density. In principle, using quantitative
SPECT/CT, normal values of tracer uptake can be estab-
lished for each skeletal region. These normal values might be
used to diagnose diffuse abnormalities of tracer uptake in
disseminated bone disease. Furthermore, quantitative
SPECT/CT allows monitoring of the activity of osseous
metastases in the course of treatment. Preliminary evidence
indicates that this technology might also be useful to assess
the floridity of skeletal lesions more accurately than visual
evaluation of tracer uptake [5]. Future work will show how
this new potential of bone scintigraphy can be used with ben-
efit in clinical routine.

Key Learning Points

e The most important finding of a normal bone scan
is its left-to-right symmetry.

e The intensity of tracer uptake is mainly related to
increased osteoblastic activity, which is present also
in most predominantly osteolytic metastases.

e Purely lytic metastases, e.g., from myeloma, may
escape detection at bone scintigraphy.

e Increased radioactivity accumulation in the blood
pool image is a consequence of increased capillary
permeability associated with inflammation and/or
infection.

* To date SPECT/CT cameras afford the determina-
tion of tissue radioactivity concentration expressed,
e.g., as SUV values, which is around 6 in vertebral
bone on the delayed images.

24.2.3 "®F-Fluoride PET

BF-Fluoride accumulates in bones with a mechanism similar
to diphosphonates (see Chap. 3) and may therefore be used
to acquire PET images of the skeleton. Upon i.v. injection,
8F-fluoride diffuses quickly from the blood to reach the
extracellular bone matrix. All 'F-fluoride that reaches the
bone (about 50% of injected activity, similar to **Tc-diphos-
phonates) is adsorbed. The exchange of '®F~ ions with the
hydroxyl groups of hydroxyapatite crystals allows linking to
the surface of the bone matrix, while its retention at bone
remodeling sites depends on subsequent migration inside the
crystalline bone matrix. Bone accumulation and blood clear-
ance are fast (with bi-exponential kinetics and half-lives of
0.4 h and 2.6 h, respectively), so that 1 h after administration
only 10% of the injected activity is still circulating. Therefore,
a high bone/soft tissue ratio is reached within a short time,
resulting in high-quality images as early as even <1 h after
injection.
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Fig.24.8 Patterns of normal distribution of "*F-fluoride visualized dur-
ing PET, displayed as maximum intensity (MIP) attenuation-corrected
images. The adult skeleton (left) is characterized by well-evident tracer
uptake—relatively enhanced in the skull, ribs, spine, borders of the
scapula, pelvis, and along the cortices of the long bones (the focal area
of activity accumulation in the right foot corresponds to some extrava-
sation of the tracer at the injection site in a subject with difficult venous
access). The pattern of '*F-fluoride distribution observed in the pediatric
skeleton (as in the 14-year-old girl represented here) shows, in addition,
linearly increased tracer uptake along the epiphyseal growth plates of
the long bones, similar to a conventional *™Tc-MDP bone scan (image
of the normal adult scan kindly provided by Guofan Xu, MD, PhD,
Department of Nuclear Medicine, M.D. Anderson Cancer Center,
Houston, Texas, USA)

Estimates of radiation burden to patients following
administration of '8F-fluoride or **Tc-diphosphonates
(2.11 MBg/kg and 7.4 MBqg/kg, respectively) indicate that in
adults there are no significant differences between the two
radiopharmaceuticals (4 mSv and 3 mSv, respectively, for a
70 kg patient), whereas the effective dose is lower for *™Tc-
diphosphonates (2 mSv) than for '8F-fluoride (about 3.5 mSv)
in children weighing <20 kg.

8FE-Fluoride PET imaging may be started 15-30 min after
the injection, acquiring a number of bed positions sufficient
to cover the region of interest according to the clinical indi-
cation; if the region of interest is limited (e.g., the spine), 2-3

bed positions may be sufficient, while whole-body images
are required for all oncological indications [6] (see example
in Fig. 24.8). The acquisition time should be 3—5 min per bed
position, but it may be modified according to the scanner and
the injected activity; the 3D acquisition mode is generally set
as the standard operation mode in current PET scanners. In
general, the parameters used for ['*F]JFDG PET imaging can
be used also for "*F-fluoride PET, although sometimes it may
be necessary to use some filters to correct for the high con-
centration of activity in very small segments. Artifacts may
occur (most evident in sagittal and coronal sections) for the
thoracic spine (lungs attenuate less than soft tissues) when
no attenuation correction is applied. Attenuation correction
produces images with better uniformity than without attenu-
ation correction; the decision as to whether or not to correct
the images for attenuation varies according to the segment to
be explored. The residual bladder activity due to the urinary
excretion of "*F-fluoride may obscure the pelvis.

The overall time required for a '®F-fluoride PET scan is
much shorter than for conventional bone scintigraphy:
15-30 min waiting time after tracer injection (versus about
3 h for *™Tc-diphosphonates) and 15-30 min acquisition
time (versus at least 40 min when SPECT images are
acquired in addition to planar imaging). This faster acquisi-
tion time results in better patient’s compliance, thus reducing
artifacts due to patient’s movements.

The clinical indications for '8F-fluoride PET are the same
as for conventional bone scintigraphy. Generally, '*F-fluoride
PET identifies more lesions than scintigraphy with *™Tc-
diphosphonates (especially if planar imaging only is
acquired), particularly in the axial skeleton, and reduces the
number of doubtful/equivocal findings (see Fig. 24.9). Given
the extremely high sensitivity of '®F-fluoride PET in identi-
fying skeletal areas with even mild changes in mineral
metabolism, interpretation of the scans requires caution and
close correlation with the CT counterpart of each focal area
of increased tracer uptake.

Table 24.3 summarizes the main clinical indications for
BF-fluoride PET/CT according to the SNM guideline
released in 2010 [7].

24.2.3.1 '®F-Fluoride PET Acquisition Protocol

Uptake of 'F-NaF in the skeleton measures the amount of
osteoblastic activity in actively mineralizing bone. This pro-
cess consists of 8F-fluoride being deposited on the hydroxy-
apatite surface of newly forming bone by exchanging fluoride
with hydroxyl ions and creating fluorapatite. Standardized
uptake values (SUVs) are calculated on the basis of the activ-
ity concentration (kBg/mL) normalized to injected activity
(MBq) and body weight (kg) of the patient. SUV of a lesion
or a structure is often expressed as a maximum value
(SUV 40 or mean value (SUV,..,) [8, 9]. Alternatively, since
the rate-limiting step of tracer uptake is regional blood flow,
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Fig. 24.9 Comparison of conventional *™Tc-
MDP bone scintigraphy (anterior and posterior
whole-body images on the left) and PET with
8F-fluoride (MIP image on the right). Images
refer to a 69-year-old man with a history of
metastatic prostate cancer and rising serum PSA
levels. The conventional bone scintigraphy
revealed only irregularly increased tracer uptake
in the left parietal bone, with equivocal findings
in the thoracic spine. PET with '8F-fluoride
performed shortly after the **Tc-MDP bone
revealed multifocal bone metastases, well evident
in the skull, in the thoracic spine, and in other
skeletal segments

o

b

Table 24.3 Summary of indications for PET/CT with "*F-fluoride
according to the SNM guideline?

Primary indication

« Identification of skeletal metastases, including localization and
determination of the extent of disease

Indications without sufficient information, but most likely
appropriate

* Back pain and otherwise unexplained bone pain

* Child abuse

» Abnormal radiographic or laboratory findings

* Osteomyelitis

e Trauma

 Inflammatory and degenerative osteoarticular disease

¢ Avascular necrosis

» Osteonecrosis of the mandible
* Condylar hyperplasia
¢ Metabolic bone disease

* Paget’s disease of bone

* Bone graft viability

* Complications of prosthetic joints
* Reflex sympathetic dystrophy

« Distribution of osteoblastic activity before radionuclide therapy
with bone-seeking agent

It should be noted that this guideline was issued in 2010. In the time
elapsed since that date, a much more important body of evidence has
been acquired on the clinical benefits of this imaging modality in a vast
variety of clinical conditions

bone and plasma clearance measurements normalized to the
ratio of uptake values to arterial tracer concentration are cal-
culated as an index of new bone formation. The Hawkins

R ", T

!
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U

9mTc-MDP 18F-Fluoride

method calculates plasma clearance (K;) using a three-
compartment model to analyze the bone time-activity curve
and the arterial input function [10]. Patlak graphical analysis
is a simplification of the Hawkins method, calculating
plasma clearance as the slope of normalized bone uptake
against normalized time [11].

Although plasma clearance measurements from dynamic
PET can accurately trace bone formation rate, practical
issues limit its potential for routine clinical use. Patients
must endure a 60 min image acquisition and undergo arterial
blood sampling. The 60 min dynamic scan is also costly to
perform and can only examine one skeletal region at a time.
Therefore, a whole-body assessment requires multiple scans
over different sessions. Plasma clearance measurements
scans are frequently used, however, because they include
tracer availability when calculating relative uptake among
competing skeletal sites.

Key Learning Points

e BF_Fluoride allows the visualization of bone metabo-
lism in a manner similar as the ***Tc-diphosphonates.

e 3F-Fluoride-PET offers higher signal-to-noise
ratios and Dbetter spatial resolution than
9mTc-diphosphonate-SPECT.

* Waiting time after tracer injection is 15-30 min,
much shorter for '"*F-fluoride PET than for *™Tc-
diphosphonate SPECT.
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24.2.4 Perspectives for Radiolabeled
Diphosphonates

The availability of clinical ®*Ge/®*Ga generators (**Ga
Ty, = 67.7 min; high positron branching = 89%) provides new
options to image bone metastatic disease with PET/CT. In
fact, several compounds of biological interest can be labeled
with %Ga as obtained from generators in the chemical state of
BGa(IIl). Since gallium is a metallic element, radiolabeling
requires the use of a chelator in order to bind the radionuclide
to the molecule of interest. The macrocyclic chelators most
frequently used to this purpose are 1,4,7,10-tetraazacyclodo-
decane-1,4,7,10-tetraacetic acid (DOTA) and 1,4,7-triazacy-
clononane-1,4,7-triacetic acid (NOTA) or their derivatives.
The combination of novel bisphosphonates with macrocyclic
chelators provides promising tracers for either diagnosis and/
or therapy of bone metastatic disease, according to the current
concept of theragnostics. In fact, the good target-to-back-
ground ratio, which all bisphosphonates have in common, is
also advantageous for therapeutic applications due to reduced
radiation dose for nontarget tissue. ®*Ga-NO2APP? is charac-
terized by a very high uptake in bone metastases (30—-60 min
after injection), combined with fast blood clearance and very
low uptake in soft tissue. This pattern of biodistribution
(which is comparable to '8F-fluoride) is superior to that of
PmTc-MDP [12].

The use of the DOTA-based radiopharmaceutical
"Lu-BPAMD has proved valuable for therapeutic purposes,
since the low-energy 3~ emission of '”’Lu hardly reaches the
bone marrow; accordingly, only low or no hematologic tox-
icity was observed in pilot clinical investigations. New *Ga-
and '""Lu-labeled bisphosphonates possessing improved
pharmacological properties are being explored for possible
clinical use [13].

Preliminary studies suggest a high therapeutic potential
for zoledronic acid, the most potent bisphosphonate cur-
rently employed in patients with bone metastatic disease,
upon conjugation with DOTA (DOTAZ®Y) for labeling with
"TLu. A NODAGA-based zoledronic acid derivative
(NODAGAZ?CY) has the advantage over the DOTA analog that
purification is not required after labeling with %Ga. Both
%8Ga-NODAGAZ" and %Ga-DOTAZ exhibit similarly high
bone accumulation, low uptake in soft tissue, and fast renal
clearance. Nevertheless, bone accumulation is greater for
NODAGAZF than for DOTAZ°F. Considering the potential
of ""Lu-DOTAZ°" for endoradiotherapy, ®*Ga-NODAGAZ°"
might become a theranostic agent for bone metastases.

Key Learning Point
e The development of ®®Ga-labeled PET tracers suit-
able for investigating bone metabolism is ongoing.

P.A.Erba et al.
24.3 Clinical Applications
24.3.1 Primary Bone Tumors

Malignant primary tumors of the bone usually feature highly
increased bone metabolism as well as increased tracer uptake
in the first two phases of a three-phase bone scintigraphy. In
malignant primary bone tumors, bone scintigraphy is usually
not indicated to diagnose the primary but rather to define the
extent of osseous spread. Detection of a primary bone tumor
on a bone scan performed for bone pain is in most cases inci-
dental. In malignant as well as in the benign bone tumors,
planar radiography and MRI are usually performed before
bone scintigraphy. However, in some cases X-ray and MRI
cannot identify the exact nature of an osseous lesion. Bone
scintigraphy is not very well suited for distinguishing malig-
nant from benign bone lesions, as many of the benign tumors
also have highly increased uptake of the *™Tc-diphospho-
nates. However, as a rule of thumb, the absence of an increase
in bone metabolism usually points to a benign tumor.

["®F]FDG PET/CT has recently emerged as an extremely
valuable diagnostic tool in primary bone tumors. In an exten-
sive meta-analysis, Bastiaannet et al. demonstrated that ['3F]
FDG PET/CT has high sensitivity and specificity in discrimi-
nating between sarcomas and benign tumors, as well as low-
grade from high-grade sarcomas based on the semiquantitative
measurements of glucose consumption (SUV) [14]. Despite
this favorable experience, the current American College of
Radiology (ACR) appropriateness criteria guideline (https://
acsearch.acr.org/docs/69421/Narrative/) does not recom-
mend the use of PET/CT with ["®F]FDG the staging or char-
acterization of primary bone tumors, in part likely because of
the overlap in the range of SUVs between benign and malig-
nant lesions. Instead, PET/CT with ['F]FDG is currently
included in the NCCN guidelines for primary and metastatic
bone tumors [15], and it constitutes an extremely useful tool
for many orthopedic oncologists, who are increasingly refer-
ring patients for ['*F]JFDG PET/CT because of its high sensi-
tivity (well over 80%) [16, 17] for the detection of bone
metastases and recurrences.

24.3.1.1 Osteosarcoma

Osteosarcoma (OS) is the most common primary malignant
bone tumor in children and adolescents and the second most
common primary malignant bone tumor following multiple
myeloma in all age groups [18]. OS is more common in
males than in females and usually presents as a painful mass
rising at the metaphyseal regions, the knee being the most
common site. Histologically, osteosarcomas can be divided
into a number of subtypes according to the degree of differ-
entiation, location within the bone (intramedullary, surface/
juxtacortical, extra-skeletal), and histological variants.
Osteosarcoma may also occur as a secondary lesion in asso-
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ciation with underlying benign conditions (secondary osteo-
sarcoma). The most common subtype of OS is the
conventional type (80%). Typical X-ray features include
medullary and cortical bone destruction, wide zone of transi-
tion, permeative or moth-eaten appearance, and aggressive
periosteal reaction (sunburst type, Codman triangle,
lamellated-onion skin reaction, soft tissue mass with variable
calcified and osteoid tumor matrix).

CT is generally used for staging or identification of pre-
dominantly lytic lesions in which small amounts of mineral-
ized material may be undetected on both plain film and
MRI. In particular, chest CT is the most appropriate exam
for the screening of pulmonary metastases from
osteosarcoma.

A joint-to-joint MRI is the most accurate imaging
investigation for local staging, particularly in evaluating
for intraosseous tumor extension, soft tissue involvement,
or skip metastases. Assessment of the growth plate is
essential as up to 75-88% of metaphyseal tumors do cross
the growth plate into the epiphysis. On MRI imaging, the
non-mineralized soft tissue component shows intermedi-
ate T1w and high T2w signal intensity, while the mineral-
ized/ossified components show low T1 and T2 signal
intensity. Scattered regions of hemorrhage with variable
signal or of necrosis are also frequent. Evaluation for
enhancement of the solid tumor component is essential
for guiding biopsy.

For some decades scintigraphy with  %™Tc-
diphosphonates has constituted one of the mainstays in the
characterization and management of patients with osteosar-
coma. The tumor lesions are characterized by avid uptake
of the bone-seeking agent, both at the primary site
(Fig. 24.10) and at possible metastatic sites within the skel-
eton (Fig. 24.11) and/or in soft tissues (e.g., pulmonary or
liver metastases). In patients who are candidates for limb
amputation (which is employed with declining frequency
in case of osteosarcoma, because of effective neoadjuvant
therapies reducing the need for such aggressive treatments)
or to other forms of less invasive surgery, bone scintigraphy
can serve as a guide to select the most appropriate level of
bone resection—based on identification of the segment of
bone showing increased tracer uptake, therefore involved
by the disease.

Although ['®*F]FDG PET/CT in osteosarcoma is not yet
considered appropriate by ACR criteria, multiple studies
have demonstrated that PET/CT can provide useful infor-
mation regarding the primary site, staging, and follow-up
[19, 20]. Besides assessment of locoregional extent, ['*F]
FDG PET/CT has proven to be of value in estimating the
biological aggressiveness of the tumor, as high-grade sar-
comas are characterized by intense ["F]FDG avidity.
Furthermore, the tumor is often metabolically nonhomo-
geneous, and PET/CT may increase the diagnostic yield

of biopsy by directing the needle to the area of most
intense metabolism. Using a tumor-to-background ['®F]
FDG uptake ratio cutoff level of 3.0 for malignant bone
lesions [21], the sensitivity, specificity, and accuracy of
['"F]FDG PET in identifying malignant OS were 93%,
66.7%, and 81.7%, respectively. Furthermore, ["*F]FDG
PET/CT is more accurate for preoperative staging of sar-
comas than conventional imaging [22, 23]. [®F]FDG
PET/CT also plays a role in assessing response to treat-
ment and has high prognostic significance [24].
Considering that the amount of necrosis induced by neo-
adjuvant chemotherapy is a significant prognostic factor
for survival, a post-therapeutic SUV,,, <2.5 predicts
tumor necrosis in osteosarcoma [25]. After neoadjuvant
chemotherapy, SUV ., <2 correlates with good histologic

s
‘.

Fig. 24.10 Planar whole-body scintigraphy with **Tc-HDP in a
patient with newly diagnosed osteosarcoma confined to the left 11th rib,
better imaged in the posterior view. The scintigraphic pattern per se
does not have distinctive features allowing a differential diagnosis ver-
sus other bone diseases (reproduced with permission from: Volterrani
D, Erba PA, Mariani G, Eds. Fondamenti di Medicina Nucleare —
Tecniche e Applicazioni. Milan: Springer Italy; 2010)
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Fig. 24.11 Planar whole-body (a) and spot acquisitions (b) on the
chest (orthogonal and oblique views) in a patient who had been previ-
ously treated for an osteosarcoma of the right femoral head, now the
site of a prosthetic hip implant. There is no sign of active disease at the
treated primary site, whereas multiple metastatic sites at the ribcage are

response, while SUV,,, >5 is associated with poor histo-
logic response [26].

Concerning PET/CT with "®F-fluoride, this investigation
is useful for distinguishing postoperative changes from
tumor recurrence after surgery, based on the fact that, unlike
[!F]FDG, '8F-fluoride does not localize in areas of inflam-
mation but only in newly mineralized bone.

24.3.1.2 Osteoid Osteoma and Osteoblastoma
Osteoid osteoma (OO) and osteoblastoma (OB) usually
affect adolescents and young adults [27]. OO is com-
monly diagnosed in the cortex of the long bones (50%
within the femur or tibia) as an intracortical nidus associ-
ated with a variable amount of mineralization, accompa-
nied by cortical thickening and reactive sclerosis in a long
bone shaft [28, 29].

OB is more common in the posterior element of the spine,
especially in the cervical spine [30]. The differential diagno-
sis between OO and OB has traditionally been based on a size
criterion (1.5 cm nidus); however, more recently OO and OB
have been recognized to constitute two different pathologies
rather than the differential expression of a single tumor [31].
In fact, OB has a greater potential for growth, with destruc-
tion of bone tissue or even malignant transformation, and
recurs more often than OO. X-rays are usually the first imag-

clearly depicted as foci with markedly increased tracer uptake (repro-
duced with permission from: Eary JF. Diagnostic applications of
nuclear medicine: sarcomas. In: Strauss HW, Mariani G, Volterrani D,
Larson SM, Eds. Nuclear Oncology — From Pathophysiology to Clinical
Applications. New York, NY: Springer; 2017:1047—1064)

ing study obtained. CT or MRI is used for further character-
ization. CT can demonstrate the sclerotic lesion and the nidus,
while MRI can better define intramedullary and soft tissue
changes.

Bone scintigraphy with *™Tc-diphosphonates shows
intense osteoblastic activity in the tumor region—without
however any specific pattern allowing clear definition of the
underlying disease. Although there is no specific role for
['!F]FDG PET/CT in the characterization of OO or OB, ['*F]
FDG PET/CT can be used to assess response to local treat-
ment [32], e.g., radioablation; efficacy of treatment trans-
lates into a significant decrease in ["*F]JFDG uptake [33].
Tumor recurrence and/or persistence can be detected by
focally increased radiotracer activity.

24.3.1.3 Ewing Sarcoma

Ewing sarcoma (ES) is the second most common malignant
tumor in children and young adults. The first imaging modal-
ity in the evaluation of suspected Ewing sarcoma is the plain
film, which usually demonstrates a lesion in the diaphysis of
along bone, most commonly the femur. Local staging is then
performed with MRI, while CT is used for identifying dis-
tant metastases, particularly in the lung. The most important
prognostic factors in the staging of ES are size of the lesion
and distant metastases.
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Fig.24.12 Spot image of
bone scintigraphy with a
9mTc-MDP in a patient with
Ewing sarcoma of the right
ankle, showing markedly
increased tracer uptake at the
tumor site (a). Plain X-ray (b)
shows fibular involvement
with extension to surrounding
soft tissue (reproduced with
permission from: Eary

JE. Diagnostic applications of
nuclear medicine: sarcomas.
In: Strauss HW, Mariani G,
Volterrani D, Larson SM, Eds.
Nuclear Oncology — From
Pathophysiology to Clinical
Applications. New York, NY:
Springer; 2017:1047—-1064)

Similarly as in patients with osteosarcoma, bone scintigra-
phy with *™Tc-diphosphonates has traditionally been employed
as a valuable aid for clinical management of patients with
Ewing sarcoma. Also in this case, the scintigraphic pattern
shows nonspecific increased uptake of the bone-seeking agent
both at the primary site (Fig. 24.12) and at metastatic sites.

["F]FDG PET/CT has been shown to be superior to MRI
for skip lesions, especially in the active pediatric bone mar-
row [34], and in the detection of metastatic lymph nodes, but
inferior to chest CT in the evaluation of pulmonary metasta-
ses [35]. However, with the most recent equipment where
PET is combined with high-performing CT components, this
is most likely no more the case.

Regarding the value of ['"SF]FDG PET/CT for prognosis
and for monitoring response to treatment in ES patients [36,
37], elevated pretreatment SUV correlates with high-grade
tumors, and SUV,,,,, >5.8 correlates with poor prognosis [38,
39]; furthermore, post-neoadjuvant treatment SUVs <2.5
correlate with good histological response (90% necrosis) and
longer survival [40].

24.3.1.4 Cartilaginous Bone Tumors

Chondromas are benign tumors composed of mature hyaline
cartilage. They generally have limited growth potential and
are not locally aggressive. These tumors are called enchon-
dromas when they occur in the medullary canal of the bone.
Enchondroma has the same incidence in males as in females

(with highest incidence in the 20-30-year age range), and
most of the cases arise in bones of the hand; it usually mani-
fests with a melting sore at pressure.

A rare form of chondroma is periosteal or juxtacortical
chondromas. They occur on the surface of the bone, affecting
equally males and females between the ages of 30 and
40 years. They can arise in the diaphysis of long bones of the
limbs or in the phalanges, where they manifest with a pain-
less, slow-growing swelling.

Chondromas can also arise from the synovial sheaths of
tendons or in the soft tissues adjacent to the tendons in the
hand and feet of adults; in such cases, they are referred to as
soft tissue or synovial chondromas.

Therapy consists in surgical removal of tumor tissue by
scraping. Radiotherapy is not useful because this is one of
the least radiation-sensitive tumors. Figure 24.13 shows an
example of bone scintigraphy in a patient with cervical chon-
droma, characterized by intense uptake.

The diagnosis of cartilaginous tumors is based on clinical
examination and imaging findings. There is a wide spectrum
of cartilaginous tumors, ranging from benign tumors without
metastatic potential (such as enchondroma and osteochon-
droma) to high-grade malignant tumors (such as chondrosar-
coma with aggressive behavior and early metastases).
Multimodality radiologic assessment is mandatory to define
the pattern of the lesion. X-ray is generally the front-line diag-
nostic imaging modality used. However, plain X-ray is often
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Fig. 24.13 Bone scintigraphy with *"Tc-HDP obtained in a patient
with chondroma of the cervical spine. Both in the planar whole-body
scan (a) and in the planar spot acquisitions obtained at about 3 h post-
injection in the right lateral view (b) and in the left lateral view (c), the
chondroma exhibits markedly enhanced tracer uptake. As an incidental
finding, mildly increased tracer uptake can be noticed at the costocla-

not capable to fully characterize the lesion, and further evalu-
ation with cross-sectional imaging is warranted. CT images
can better assess the cartilaginous matrix (arc-and-ring or
stippled morphology) and the endosteal scalloping, which
might be useful to distinguish enchondroma from a low-grade
chondrosarcoma. Both MRI and CT are accurate in distin-
guishing osteochondroma from chondrosarcoma by measur-
ing the thickness of the cap, which is usually >2 cm in
malignant lesions.

Bone scintigraphy can contribute to the differentiation
of benign from malignant lesions, as malignant lesions are
characterized by markedly increased *™Tc-diphosphonate
uptake. Similarly, high ["*F]FDG uptake might help in the
differential diagnosis between benign and malignant
lesions: benign lesions have low SUVs, benign lesions
with atypical histological features have slightly higher
values, and malignant lesions have markedly higher SUVs

o

c *
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e

vicular joints and between the upper third and the middle third of the
sternum—a non-infrequent occurrence that is normally devoid of any
clinical relevance (reproduced with permission from: Volterrani D,
Erba PA, Mariani G, Eds. Fondamenti di Medicina Nucleare — Tecniche
e Applicazioni. Milan: Springer Italy; 2010)

than benign lesions [41]. An SUV,,,, >2 has been sug-
gested as the threshold for malignant nature [42].

24.3.2 Fibrous Bone Dysplasia

Fibrous bone dysplasia is a non-hereditary congenital
benign skeletal disorder in which the bone is replaced with
a fibrous-like tissue with early osteogenesis; its prevalence
is not easily defined, as the illness is often asymptomatic.
Bone lesions are generally monostotic but in about 10-15%
of cases are polyostotic, especially when associated with
genetic syndromes such as the McCune-Albright’s or
Mazabraud’s syndromes. The polyostotic form is often uni-
lateral or monomelic. Fibrous bone dysplasia presents in
children or young adults as a painless osseous abnormality
affecting the ribs (28%), femurs (23%), or neurocranium
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(20%). However, in the polyostotic form, it is more likely
that lesions are associated with pain and frail bone, with
possible fractures. In some patients (or in some bone sites),
lesions are hypertrophic and can cause neurological compli-
cations. The diagnosis is based on radiological and scinti-
graphic imaging, in which hyperactivity of the bone-seeking
radiopharmaceutical is observed, both in bone lesions and in
the complicating fractures. The amount of woven bone and
fibrous tissue determines the X-ray and CT appearance,
which can be sclerotic, cystic, or mixed cystic-sclerotic [43,
441]. Given its variable appearance, MRI is usually less use-
ful for the diagnosis.

Bone scintigraphy demonstrates areas of reduced uptake
alternating with areas of increased uptake, reflecting the
complex structure of the lesion. In general, the fibrous or
cystic elements concentrate little or no radiopharmaceutical,
while bones or calcified areas exhibit increased tracer uptake.
The tracer accumulates markedly in pathological fractures
and moderately on the periphery, indicating the expansive
nature of the disease with stimulation of the sclerotic edge.
Tracer uptake begins to intensify when injuries are replaced
by bone tissue.

['8F]FDG PET/CT is useful to assess the extent of poly-
ostotic disease; the bone abnormalities seen as ground-
glass, mixed sclerotic, and lytic expansive lesions
correspond to increased uptake on the PET scan [45]. ['®F]
FDG PET/CT has been used to assess rare syndromes
associated with fibrous bone dysplasia [46]. In those cases,
the scan is also a valuable tool to detect other abnormali-
ties associated with the specific syndrome, such as intra-
muscular myxomas in  Mazabraud’s  syndrome.
Furthermore, ["®F]JFDG PET/CT can detect malignant
degeneration [47] which can occur in 1-4% of cases, such
as transformation into osteosarcoma, fibrosarcoma, and
malignant fibrous histiocytoma, especially in the polyostotic
form [48]. In case of progressively increasing ['*F]JFDG
uptake, malignant degeneration should be suspected, and a
biopsy should be performed under PET/CT guidance.

Fibrous dysplasia and other fibrous lesions such as non-
ossifying fibroma and fibrous cortical defect (see below) can
be misdiagnosed as metastatic cancer in the staging of other
primary tumors, as all of these diseases have enhanced ['*F]
FDG uptake. Fibrous dysplasia is a potential pitfall also with
BF-fluoride PET/CT, due to the high tracer uptake. In this
case, CT imaging should be carefully reviewed to reduce the
false positive rate and thus avoid unnecessary biopsies.

24.3.2.1 Giant Cell Tumor

The giant cell tumor (GCT) accounts for about 5% of all
primary osseous tumors, 80% of cases occurring between
the second and the fifth decades [49]. GCT arises follow-
ing fusion of the growth plate and extends from the
bone’s metaphysis to the epiphysis; the most common
site is the knee, involved in more than half of the cases.
GCTs are generally benign tumors but may transform
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into sarcomas, although they rarely metastasize; there-
fore, they are often considered as quasi-malignant
lesions.

The typical appearance of GCT on X-ray is an expansile
lesion without bone matrix at the metaphysis/epiphysis of a
long bone; this finding suggests further assessment with CT
and MRI. CT better evaluates the absence of mineralization,
the narrow transition zone, and the cortical thinning with
possible periosteal reaction, while MRI shows a typical
whorled appearance on T2-weighted sequences and better
detects the presence soft tissue extent.

GCTs are extremely ["*F]FDG-avid, with SUVs overlap-
ping those of malignant bone tumors [50]. Uptake is often
more prominent at the periphery with a central photopenic
region (doughnut sign). The high vascularity of the tumor
leads to a generalized regional hyperemia, which can trans-
late into diffuse increase in radiotracer uptake [51]. In the
rare case of multicentric giant cell tumors, the role of ['*F]
FDG PET/CT is to detect occult lesions [52]. Although
rarely, GCT can metastasize or transform into malignant sar-
comas; in this case, PET/CT is useful for detecting metasta-
sis. In the primary malignancy, PET/CT can detect foci of
more prominent uptake, which might be suitable for biopsy.

24.3.2.2 Cortical Fibrous Defects and
Non-ossifying Fibroma

This is an asymptomatic condition characteristic of young
boys, generally detected incidentally during an imaging test.
It is typically represented by a single cortical lesion of long
bones, which in most cases regresses spontaneously.
Sometime the lesion persists and evolves in non-ossifying
fibrous bone marrow. Bone scintigraphy might be normal;
when positive, it shows an area of slightly increased radio-
pharmaceutical uptake characterized by a ringlike pattern
surrounding a photopenic lesion. In case of calcification or
ossification, uniform and intense uptake is present.
Acquisition with a pinhole collimator and SPECT (or prefer-
ably SPECT/CT) might be useful.

Key Learning Points

e Malignant primary bone tumors usually exhibit
increased uptake in every phase of a three-phase
bone scintigraphy.

e This is also the case of most benign primary bone
tumors.

e In malignant primary bone tumors, bone scintigra-
phy is usually not indicated to diagnose or charac-
terize the primary lesion but rather to define the
extent of osseous diffusion.

 This is also true of ["*F]JFDG PET/CT, although in
some conditions such as sarcomas, uptake of ['*F]
FDG has been shown to correlate with tumor
aggressiveness.
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24.3.2.3 Myositis Ossificans

This rare benign condition most commonly presents as a
localized, self-limiting lesion secondary to contusion trauma.
Scintigraphy can be useful, especially to confirm the unique-
ness of the lesion and for the differential diagnosis with both
nonmalignant (nodular fasciitis, juxtacortical osteoma,
osteochondroma, chondroma) and malignant lesions (osteo-
genic sarcoma). Figure 24.14 shows a typical example of
bone scintigraphy in a patient with myositis ossificans.

Key Learning Point
e Myositis ossificans is characterized by high uptake
of *"Tc-diphosphonates.
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Fig. 24.14 Planar whole-body scintigraphy obtained about 3 h after
administration of *"Tc-HDP in a young adult patient who had suffered
contusion trauma of the right thigh muscles several months earlier.
Besides the still metabolically active growth plates at the knees and
ankles, the whole-body images (a) show an area of focally increased
tracer uptake that appears to extend beyond the bone at the upper third
of the right femur. The planar spot images acquired in the anterior and

24.3.3 Metastatic Bone Tumors

Bone metastases occur frequently in patients with breast,
prostate, lung, and renal carcinomas; the frequency of osse-
ous involvement in postmortem examinations of patients
with these tumors ranges between 30% and 70%. Bone
metastases reduce survival significantly, between 6 and
48 months depending on tumor type.

As for other diagnostic tests, some knowledge on the
pretest probabilities of a given condition is also relevant
when bone scintigraphy is used for staging malignant dis-
ease [53, 54]. The pretest probabilities of bone metastases
depend on tumor stage and other risk factors. In breast
cancer stages I and 11, it is between 0.8% and 2.6%, rising
to 16.8—40.5% in stages III and IV. Risk factors for skele-
tal metastasis in prostate cancer patients are a serum PSA

F

posterior views (b and ¢) and especially in the lateral views of the right
thigh (d and e) better demonstrate that increased uptake is not associ-
ated with bone but rather involves the soft tissues adjacent to bone
(reproduced with permission from: Volterrani D, Erba PA, Mariani G,
Eds. Fondamenti di Medicina Nucleare — Tecniche e Applicazioni.
Milan: Springer Italy; 2010)
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level >10 ng/mL and a Gleason score >8; above these two
thresholds, the pretest probability of osseous involvement
in prostate cancer rises to 16.2%. Tumor patients experi-
encing bone pain also have a higher risk of harboring bone
metastases than those who are asymptomatic.

Purely lytic metastases may escape detection by bone
scintigraphy. Therefore, patients with renal cancer, myeloma,
or lymphomas are usually not examined by bone scintigra-
phy. This limitation does not apply to breast or prostate can-
cer because these tumors cause predominant osteoblastic
bone lesions. However, the broader availability of positron-
emitting radiopharmaceuticals such as '8F-fluoride, choline
(labeled with either ''C or 8F), the synthetic amino acid
anti-1-amino-3-8F-fluorocyclobutane- 1 -carboxylic acid
(8F-FACBC, also known as "“F-fluciclovine), and %Ga
ligands that target the prostate specific membrane antigen
(PSMA) are reducing the need for bone scintigraphy in pros-
tate cancer patients, due to their higher diagnostic accuracy
compared to conventional bone scintigraphy and to the pos-
sibility of detecting both skeletal and extra-skeletal meta-
static disease with a single imaging procedure.

A similar scenario is developing also for patients with
bronchial carcinoma, in whom conventional bone scintigra-
phy is being replaced with ['*F]JFDG PET/CT, which is useful
not only for staging but also for assessing response to
treatment.

Since bone metastases develop by hematogenous spread,
they are usually found in the parts of the skeleton that harbor
the well-perfused red bone marrow. Therefore, hot spots on
the bone scan caused by metastases are usually not joint-
related. Multifocal involvement is usually more frequent
than solitary bone metastases (Fig. 24.15). In disseminated
metastatic disease, diffusely increased bone metabolism may
be visualized by bone scintigraphy, raising the need for dif-
ferential diagnosis between the so-called superscan due to
disseminated metastatic disease (Fig. 24.16) and metabolic
bone disease (due to, e.g., severe hyperparathyroidism). The
markedly increased avidity of the skeleton for *"Tc-diphos-
phonates or for ®F-fluoride occurring in patients with the
superscan reduces radioactivity accumulation in soft tissues
as well as excretion through the nephro-urinary tract.

Published evidence on the diagnostic accuracy of bone
scintigraphy for staging cancer patients is of low quality, in
particular because of the lack of a reliable gold standard
[53, 54]. Published sensitivities range between 85% and
96%, higher in prostate than in breast cancer. Sensitivity is
limited by suboptimal spatial resolution of the planar and/
or SPECT gamma cameras—currently between 8 and
10 mm. Very small bone lesions may, therefore, escape
detection by bone scintigraphy. However, detectability
depends not only on size but also on the uptake ratio
between lesion and background. In case of very high lesion
uptake (as observed in, e.g., the osteoblastic metastases of

prostate carcinoma), also lesions smaller than 1 cm may be
detected by bone scintigraphy; whereas, metastatic lesions
with low uptake (as observed in, e.g., the predominantly
lytic metastases of breast cancer) may not be detected, even
if larger than 1 cm.

Osseous metastatic spread begins with tumor cells infil-
trating the bone marrow. Bone scintigraphy can detect metas-
tases only when the neoplastic cells invading the bone marrow
activate involvement of the mineralized component of bone,
thus initiating a reactive increase in bone metabolism. Since
MRI and radionuclide imaging with tumor-seeking radio-
pharmaceuticals (as typically occurring with PET) enable
direct visualization of the neoplastic foci, they usually become
positive for metastatic disease earlier than bone scintigraphy
and are thus more sensitive than the conventional bone scan.

It is also known that, in face of a relatively high sensitivity,
the specificity of bone scintigraphy for bone metastases is quite
low, due in particular to the fact that numerous benign condi-
tions also lead to focal increases of bone metabolism. Among
these, degenerative changes of the skeleton (including osteo-
chondrosis of the spine due to degeneration of the interverte-
bral disk and facet’s osteoarthritis) raise in elderly patients the
most frequent differential diagnosis. Nonetheless, these condi-
tions have a typical appearance on CT; therefore, the specificity
of bone scintigraphy in staging malignant disease is markedly
improved by hybrid SPECT/CT imaging (Figs. 24.17-24.19).

Further benign differential diagnoses of a hot spot such as
vertebral fractures (Fig. 24.20) or benign bone tumors are
also amenable to CT characterization. Since the advent of
SPECT/CT, a considerable amount of evidence has been pub-
lished analyzing its utility for staging compared to planar or
stand-alone SPECT imaging. It has thus been established that
more than 90% of the foci of abnormal uptake considered
indeterminate on stand-alone radionuclide imaging can be
elucidated by SPECT/CT [55] (Figs. 24.21 and 24.22).
Hybrid imaging has, thus, turned bone scintigraphy from a
sensitive but nonspecific imaging procedure to a highly accu-
rate diagnostic tool for staging the skeleton in malignant dis-
ease [55].

On the other hand, bone scintigraphy with *"Tc-
diphosphonates can also be used to monitor the efficacy of
therapy in patients with skeletal metastatic disease.
Nevertheless, caution should be taken in the interpretation
of the images so obtained (especially if no hybrid SPECT/
CT imaging is employed), since abnormally increased
tracer uptake may persist at the sites of metastasis up to
several months after start of favourable response to treat-
ment. This limitation is less stringent when using PET
with 8F-fluoride, where changes in the pattern of tracer
distribution reflect more readily the pathophysiologic
changes occurring during therapy — either in the case of
progression despite treatment or in the case of favourable
response to treatment (see Fig. 24.23)



592

P.A.Erbaetal.

Fig. 24.15 Examples of
planar whole-body scans
obtained with *™Tc-
diphosphonates in different
patients with cancer. The
cases are presented here with
increasing severity of
metastatic bone disease,
including single lesion in a
vertebral body in the lower
thoracic spine (a); multiple
lesions in the spine, ribs, and
skull (b); and disseminated
lesions throughout the
skeleton (¢ and d)
(reproduced with permission
from: Volterrani D, Erba PA,
Mariani G, Eds. Fondamenti
di Medicina Nucleare —
Tecniche e Applicazioni.
Milan: Springer Italy; 2010)
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Fig.24.16 Examples of “superscans” in patients with advanced met-
astatic prostate cancer as visualized in two different patients by con-
ventional *"Tc-MDP bone scintigraphy (left) and by PET with
8F-fluoride (right). Due to markedly increased avidity of bones for
the bone seeking agents, in both cases there is very little radioactivity
remaining in the soft tissues and very little excretion through the uri-

' ‘

18F-Fluoride

nary tract (superscan *"Tc-MDP image modified from: Volterrani D,
Erba PA, Mariani G, Eds. Fondamenti di Medicina Nucleare -
Tecniche e Applicazioni. Milan: Springer Italy; 2010. Superscan
BF-fluoride image kindly provided by Guofan Xu, MD, PhD,
Department of Nuclear Medicine, M.D. Anderson Cancer Center,
Houston, Texas, USA)
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Fig.24.17 Bone scintigraphy in a 55-year-old patient with breast car-  Images of SPECT/CT fusion (center panel) and low-dose CT (right
cinoma. On the dorsal planar view (left panel), a discrete focus of panel) show that this corresponds to an area of osteolysis, possibly
uptake projects to the lateral aspects of the fifth lumbar vertebral body.  caused by metastasis

_

Fig.24.18 Bone scintigraphy in a 72-year-old patient with breast car-  dose CT (right panel) disclose them as degenerative: osteochondroses
cinoma. Dorsal planar view (left panel) features two hot spots in the  between L5 and S1 as well as between L4 and L5 showing disk space
lower spine. The images of SPECT/CT fusion (center panel) and low-  narrowing, vacuum phenomena (“gas in disk™), and osteophytes
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Fig. 24.19 Bone scintigraphy in a 71-year-old patient referred for
staging of breast carcinoma. Dorsal planar view (left panel) shows
focus of moderately increased uptake in the left-lateral aspects of the

Key Learning Points

* Bone scintigraphy is useful for staging breast and
prostate cancer, in particular in those patients with a
high risk for osseous metastases.

e Purely lytic metastases (such as those occurring in,
e.g., renal cancer or myeloma) may escape detec-
tion by bone scintigraphy.

e Bone scintigraphy can detect metastases only when
the neoplastic cells invading the bone marrow cause
a reactive increase in bone metabolism.

e The sensitivity of bone scintigraphy to detect osse-
ous metastases may thus be lower than that of MRI,
which visualizes the integrity of bone marrow, or
lower than that of imaging with tumor-seeking
agents (e.g., PET/CT), which visualize the tumor
cells directly.

* The specificity of bone scintigraphy to detect osse-
ous metastases is greatly increased when SPECT/
CT is used.

24.4 Benign Bone Disease
24.4.1 Workup of Bone Pain

Pain affecting the skeleton is very frequent. Its differen-
tial diagnosis is vast and can be roughly subdivided into
extraosseous and osseous conditions. Bone scintigraphy
can be used to detect osseous pain generators with rather
high sensitivity, although specificity is reduced by its
inability to morphologically characterize foci of increased
tracer uptake. Many studies have shown that this limita-

cervical spine. Hybrid fused SPECT/CT image (center panel) and CT
image (right panel) disclose left-sided facet’s osteoarthritis and right-
sided uncovertebral arthropathy, the latter featuring a geode

tion may be overcome by SPECT/CT hybrid imaging.
Whereas the focal increase of uptake in a joint of the
extremities is quite often accompanied by pain, this is not
necessarily true for the spine. Therefore, the specificity
of bone scintigraphy to detect the correlate of skeletal
pain is in the case of spinal degenerative disease also
limited.

When reading bone scans of patients affected by osseous
pain, identifying major differential diagnoses is helpful to the
referring physician. These categories are malignant and benign
bone tumors, inflammation, trauma, degenerative disease, vas-
cular disorders, and some miscellaneous conditions eluding
this categorization. The pretest probabilities of these categories
vary largely with clinical presentation. Therefore, before inject-
ing the radiopharmaceutical, a detailed medical history with
regard to the occurrence and nature of the pain as well as to that
of possible trauma is highly relevant. Furthermore, concomi-
tant laboratory findings such as the serum level of the C-reactive
protein (CRP) or leukocyte counts should be available as well
as the results and—ideally—also the image datasets from pre-
vious radiological examinations.

24.4.1.1 Degeneration

Degenerative conditions are one of the most frequent
causes of bone pain. Joint degeneration is caused by
degeneration of the joint cartilage, which is ultimately
destroyed in this process. In the case of spinal degenera-
tion, a progressive damage to the intervertebral disk
occurs, which loses its elasticity and height. On CT and
radiographic imaging, cartilaginous degeneration presents
as thinning of the joint spaces; furthermore, calcifications
as well as gas deposits can be seen. The latter is referred to
as the so-called vacuum phenomenon. As a consequence
of progressive destruction of these cartilaginous struc-
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Fig.24.20 Bone
scintigraphy obtained in a
patient with breast carcinoma.
Planar views (upper panel)
depict increased tracer uptake
in at least four vertebral
bodies. This is due to recent
vertebral compression
fractures, as demonstrated by
SPECT/CT fusion images
(middle panel) and low-dose
CT images (bottom panel)

tures, the mechanical stress on the joint-forming bones
increases, leading to subchondral bone edema and—subse-
quently—to subchondral sclerosis. Further sequelae are
the so-called osteophytes or—in the case of the spine—
spondylophytes, which are an indirect sign of joint insta-

P.A.Erbaetal.

bility. Degeneration may lead to inflammatory processes,
causing pain. This so-called active osteoarthritis is accom-
panied by an increase in bone metabolism as well as an
increase of uptake in the earlier phases of three-phase bone
scintigraphy.
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Fig. 24.21 Upper and lower rows represent transaxial SPECT (left
panel), CT (center panel), and SPECT/CT fusion images (right panel)
in two different patients with breast carcinoma referred for staging by
bone scintigraphy. On the SPECT scans, increased tracer uptake pro-
jecting to the facet’s joint of a vertebral body is seen in both patients. In
the upper row, findings are due to facet’s arthropathy with increased
tracer uptake projecting to both sides of the joint with associated signs
of osteoarthropathy such as joint space narrowing, subchondral sclero-

sis, and an osteophyte. In the lower row, signs of osteoarthropathy are
absent, and the hot spot is found on one side of the joint only.
Furthermore, bone is hypodense compared to contralateral, indicating a
small osteolytic metastasis (reproduced with permission from: Mariani
G, Bruselli L, Kuwert T, Kim EE, Flotats A, Israel O, et al. A review on
the clinical uses of SPECT/CT. Eur J Nucl Med Mol Imaging.
2010;37:1959-1985)

Fig. 24.22 Bone scintigraphy in a patient with bronchial carcinoma.
Dorsal planar view (left panel) shows a cold spot in the 8th thoracic
vertebra. Hybrid fused SPECT/CT image (second panel from left) and

SPECT/CT helps in localizing foci of increased uptake
and at the same time increases the diagnostic specificity
considerably, as the hallmarks of osteoarthritis are readily
visualized by the CT component of the scan. The degree of
morphological alterations correlates only weakly with the

corresponding CT image (rightmost two panels) demonstrate findings
typical of a hemangioma, with so-called salt-and-pepper appearance of
the vertebra on the transaxial CT image—also containing fat

floridity of the lesion, which in the case of the peripheral
joints correlates well with increases in bone metabolism. In
the case of the spine, the relationship between an increase
in bone metabolism and pain generation is less direct.
However, spinal regions with normal bone metabolism can
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Fig. 24.23 Different patterns of response to androgen-deprivation
therapy in two different patients with skeletal metastases from prostate
cancer, as visualized by PET/CT with '®F-fluoride. (a) The baseline,
pre-therapy PET/CT scan obtained from this 65-year-old man (top row)
reveals metastatic lesions within the vertebral bodies of C3, T2, L1, and
L4 (fusion PET/CT image in left panel, CT image in center panel, PET
image in right panel). Six months after initiation of androgen-depriva-
tion therapy (bottom row), the PET/CT scan demonstrates progression

P.A.Erbaetal.

of osseous metastatic disease, now involving multiple thoracic vertebral
bodies. (b) The baseline, pre-therapy PET scan obtained from this
72-year-old man demonstrates diffuse skeletal metastatic disease
involving the skull, spine, upper limbs, ribs, pelvis, and lower limbs
(left panel). Considerable improvement is observed in the scan obtained
3 months after initiating androgen-deprivation therapy (center panel),
with further improvement at 6 months (right panel)
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Fig. 24.23 (continued) b

baseline
pre-therapy

be ruled out as generators of bone pain. Considerable evi-
dence has been published showing that SPECT/CT can
guide minimal-invasive treatment of joint disease.

Key Learning Points

* When reading bone scans of patients with skeletal
pain, listing of the possible differential diagnoses
into major categories might be helpful.

e These categories are malignant and benign bone
tumors, inflammation, trauma, degenerative dis-
ease, vascular disorders, and some miscellaneous
conditions.

e Joint degeneration is one of the most frequent
causes of bone pain and is caused by degeneration
of the joint cartilage.

e Joint degeneration is accompanied by an increase in
bone metabolism, when active.

e SPECT/CT helps in localizing foci of increased
uptake and at the same time increases the diagnostic
specificity considerably, as the hallmarks of osteo-
arthritis are readily visualized by the CT component
of the scan.

6 months
post-therapy

3 months
post-therapy

24.5 Metabolic Bone Diseases

The term metabolic bone disease includes a group of altera-
tions that involve the skeleton in full, characterized by an
increase in bone turnover. The corresponding scintigraphic
pattern is characterized by a diffuse increased uptake of the
radiopharmaceutical. There are, in addition, features of
focally increased uptake, such as the one involving long
bones typical of hypertrophic pulmonary osteopathy
(Fig. 24.24).

24.5.1 Osteoporosis

Osteoporosis is a metabolic skeletal disorder characterized by
decreased bone density and quality, reducing bone strength
and predisposing the patient to fractures even for minor trau-
mas. There are two types of osteoporosis: postmenopausal
osteoporosis and senile osteoporosis. Given the availability of
effective treatments, early diagnosis of osteoporosis is crucial
to slow down its evolution and thus reduce the risk of compli-
cations. Dual X-ray absorptiometry (DEXA) has completely
replaced earlier techniques based on a sealed radionuclide



600

P.A.Erbaetal.

B A

- (o %

Fig. 24.24 Planar whole-body scan obtained about 3 h after adminis-
tration of *"Tc-HDP in a patient with hypertrophic pulmonary osteopa-
thy. Increased tracer uptake with a typical “railway” pattern is clearly
recognized at the femurs and tibias (reproduced with permission from:
Volterrani D, Erba PA, Mariani G, Eds. Fondamenti di Medicina
Nucleare — Tecniche e Applicazioni. Milan: Springer Italy; 2010)

source emitting y-rays either with a single energy peak (e.g.,
15T and/or 2! Am) or with two different energy peaks (such as
153Gd). Therefore, nuclear medicine does not have a role in
screening patients for osteoporosis.

Regarding instead the most common radionuclide bone
imaging modality, i.e., bone scintigraphy with *™Tc-
diphosphonates, there are several nonspecific findings that
might suggest the diagnosis of osteoporosis, such as reduced
bone-to-soft-tissue uptake ratio, decreased resolution of ver-
tebral body endplates, and relatively increased skull uptake
of the radiopharmaceutical (Fig. 24.25). However, the value
of nuclear medicine imaging in patients with osteoporosis is
predominantly in the assessment of complications, such as
pathological fractures. This is particularly important with
regard to vertebral fractures, since bone scintigraphy can
exclude the coexistence of other skeletal diseases that may
cause fractures. Bone scintigraphy is also of great help for
the diagnosis of regional osteoporosis syndromes and algo-

dystrophy. Nevertheless, scintigraphy does not allow one to
diagnose reduced bone mass.

In patients with multiple vertebral fractures, bone scintig-
raphy may also disclose reduced height of the spine and chest
cage closer to the pelvis. Detection of unknown vertebral or
rib fractures is also possible, raising the suspicion of osteopo-
rosis. Vertebral crush is visible at scintigraphy as an intense
linear uptake of the tracer, corresponding to the site of frac-
ture. Abnormal uptake at the site of fractures can be detected
in 80% of cases within 24 h and in 95% of cases within 72 h.
This high uptake decreases progressively over a period of
time ranging from 6 to 18 months but extending even up to
3 years depending on fracture site and patient age, with a time
trend that can help determine the age of the fracture.

In case of back pain, bone scintigraphy can help deter-
mine whether pain is attributable to vertebral fracture
(Fig. 24.26); a normal scan excludes a recent fracture and
directs the clinician toward other diagnostic options.

Bone scintigraphy can also reveal other causes of back
pain, such as tumor metastasis, Paget’s disease, and infection
(Fig. 24.27). SPECT and SPECT/TC have increased the diag-
nostic value of bone scintigraphy, especially for the lumbar
region, based on better scintigraphic contrast and the possibil-
ity to localize the area of hyperactivity more accurately.

SPECT images show that joint lesions are more common
in patients with multiple vertebral fractures. Since most often
the area of increased uptake occurs at the level of L4-L5 and
L5-S1, it can be assumed that hyperactivity of the articulated
joints in these areas is due to the simultaneous presence of
osteoarthritis and to the stress due to the collapse of a verte-
bral body above or below those levels. Patients with vertebral
crush can present other fractures that bone scintigraphy can
detect at an early stage, when traditional radiological imag-
ing is still negative or nonconclusive. Unknown fractures of
the pelvis detected only by bone scintigraphy can mimic pain
caused by vertebral crush. Similarly, unknown fractures of
the femoral neck, scapula, radium and chest cage can be
detected by bone scintigraphy.

The use of [FIFDG PET/CT can help distinguish a
pathological vertebral fracture caused by tumor metastasis
from an osteoporotic fracture. The latter tends to have no
pathologically increased ['*F]FDG uptake, while high ['*F]
FDG uptake is characteristic for malignant and inflamma-
tory processes [56].

Nuclear medicine imaging might be of value also in the
assessment of side effects from osteoporotic therapies. For
example, bone scan can be used to assess possible fractures
related to bisphosphonate therapy [57]. Long-standing
bisphosphonate therapy changes the bone architecture,
weakening the bone and resulting in an increased risk of low-
energy atypical subtrochanteric and proximal diaphyseal
femoral fractures. These fractures are often subtle and missed
on initial radiography [58]; however, because of the risk of a
delayed diagnosis of displaced complete fracture, early



24 Hybrid Imaging and Radionuclide Therapy of Musculoskeletal Diseases

601

b

Fig. 24.25 Planar bone scintigraphy obtained about 3 h after adminis-
tration of *"Tc-HDP in a patient with osteoporosis previously submit-
ted to bilateral hip joint prosthetic implants. The whole-body anterior
and posterior views (a) show diffuse inhomogeneities in tracer distribu-
tion throughout the skeleton, with multiple areas of focally increased
uptake in the ribcage, better shown in the lateral views (b), correspond-

Fig. 24.26 Bone scintigraphy performed in an elderly patient with
long-standing pelvic pain. Dorsal planar view (left panel) shows zones
with markedly increased tracer uptake in/near both iliosacral joints,
connected by a thin line of increased tracer accumulation, the so-called

assessment for such fractures using a highly sensitive tech-
nique, such as scintigraphy, is recommended.

The kinetics '8F-NaF uptake in bone and the plasma clear-
ance of this tracer in patients with osteoporosis have been
investigated. As reviewed by Raynor et al., measurements of
plasma clearance to assess response to new treatments for
osteoporosis [59] have validated the use of *F-fluoride PET
imaging as a noninvasive method of imaging and evaluating

ing to prior fractures cause by minor traumas—as typically observed in
patients with osteoporosis. Increased tracer uptake is observed also at
both hips, reflecting ongoing bone post-implantation remodeling
(reproduced with permission from: Volterrani D, Erba PA, Mariani G,
Eds. Fondamenti di Medicina Nucleare — Tecniche e Applicazioni.
Milan: Springer Italy; 2010)

Honda sign; in the right os ischiaticum, a further hot spot can be
detected. On hybrid fused SPECT/CT imaging (center panel) and CT
imaging (right panel), increased uptake corresponds to a fracture cleft
in the os sacrum. The findings are due to a sacral insufficiency fracture

the efficacy of therapeutic interventions for osteoporosis.
While there does not yet seem to be a consensus on whether
to use static or dynamic PET, it is suggested that a single
static PET acquisition may be able to closely approximate
the 1-h dynamic PET values of regional blood clearance,
while completing a scan in only 5 min [8, 60, 61].

A recent study compared the measurements obtained by
static PET to those obtained by dynamic PET, reporting a cor-
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Fig. 24.27 Bone scintigraphy performed in a 67-year-old woman with
considerable, long-standing back pain. Dorsal view of planar scan (left
panel) shows markedly enhanced tracer uptake in the lower lumbar
spine extending over at least two segments. Hybrid images (center

relation coefficient between estimated K; values and calcu-
lated K; values 30—-60 min after injection even >0.99. The
potential of static scans to replace dynamic scans would elimi-
nate the need for arterial blood sampling, as well as greatly
reduce the duration of the imaging session. Bone turnover in
the femoral neck—the site of most traumatic osteoporotic
fractures—has also been investigated as marker for osteoporo-
sis. The femoral neck region was defined using anatomical
landmarks from CT scans, and quantification of '®F-fluoride
uptake in the entire neck was found to reflect global bone turn-
over. The metabolically active volume, maximum SUV, mean
SUYV, and total calcium metabolism were calculated. A corre-
lation coefficient of —0.43 was found between age and global
values, indicating a decline in global activity with aging [59].
These preliminary data demonstrate the potential role of
global bone turnover in the femoral neck for early detection of
osteoporosis but also the need for larger-scale studies to evalu-
ate the clinical utility of this approach.

24.5.2 Osteomalacia

Osteomalacia and rickets are disorders characterized by
abnormal mineralization of the skeleton resulting from defects
in the phosphate, calcium, and/or vitamin D metabolism.
Rickets is a childhood disease (most frequent in developing
countries), whereas osteomalacia occurs in adults. The clinical

panel) as well as low-dose CT (right panel) disclose this to be due to
spondylodiscitis with contour defects of endplates and normal width of
disk space. Other signs of osteochondrosis are also missing

scenario of skeletal deformities in rickets includes bowed legs,
skull bossing, pectus carinatum, hyphoscoliosis, and costo-
chondral swelling. Osteomalacia may present with a mild and
subtle clinical picture without the visible bone deformities
seen in the pediatric population. Bone scans in patients with
osteomalacia can be normal, especially in early stages. The
typical scintigraphic pattern in later stages of this condition is
characterized by intense uptake of **Tc-diphosphonates at the
metaphysis and long bone ossification centers (so-called
chicken bone). Figure 24.28 shows two typical examples.

Osteomalacia shares with hyperparathyroidism some
metabolic features that on bone scintigraphy appear as
increased bone-to-soft tissue uptake ratio, increased uptake
in long bones and skull, beading of the costochondral junc-
tions, and the “tie sternum” appearance [62, 63]. “Metabolic”
fractures have also been described associated with osteoma-
lacia and often misinterpreted as metastasis.

Oncogenic osteomalacia is a rare form of osteomalacia
but deserves a special note for its clinical significance. This
condition is also known as tumor-induced osteomalacia and
is usually associated with mesenchymal tumors. This para-
neoplastic syndrome is caused by the secretion of a sub-
stance that interferes with the normal metabolism of
calcium and phosphate. If there is suspicion of tumor-
induced osteomalacia, a whole-body scan such as ['*F]FDG
PET/CT is recommended to locate the primary cancer. ['*F]
FDG [64, 65] and the somatostatin receptor imaging agents
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Fig. 24.28 Planar whole-body scans (anterior and posterior views)
obtained in two different patients with osteomalacia about 3 h after
administration of “"Tc-HDP. Both patients exhibit diffusely increased
tracer uptake at multiple sites especially in the ribs for patient shown
in panel (a), in whom the “chicken bone” pattern is visible particu-
larly in the posterior view of the femora and tibiae. The predominant

such as ®Ga-DOTA-TATE [66, 67], ®*Ga-DOTA-NOC [68],
and ®*Ga-DOTA-TOC have each been reported to detect the
primary tumor in these cases. '*F-DOPA might be also an
option.

24.5.3 Primary and Secondary
Hyperparathyroidism

Hyperparathyroidism is characterized by an excess of para-
thyroid hormone in the blood that results in weakening of the
bones through loss of calcium. Depending on the etiology,
hyperparathyroidism can be primary, secondary, or tertiary.
Primary hyperparathyroidism is due to parathyroid adenoma
in 80% of cases, parathyroid gland hyperplasia in 15-20%,
and rarely cancer (<0.5%). Secondary hyperparathyroidism is
usually related to vitamin D deficiency, chronic kidney dis-
ease, or other causes of low blood calcium levels resulting in
hyperstimulation of the parathyroid glands. Tertiary hyper-
parathyroidism is characterized by autonomous parathyroid
function following resolution of the initial cause of parathy-

= -
- s

scintigraphic pattern for the patient shown in panel (b) is instead char-
acterized by multiple foci of markedly increased tracer uptake involv-
ing also pelvic bones and the lower limbs (reproduced with permission
from: Volterrani D, Erba PA, Mariani G, Eds. Fondamenti di Medicina
Nucleare — Tecniche e Applicazioni. Milan: Springer Italy; 2010)

roid stimulation. *Tc-sestamibi scans play a key role in the
preoperative localization of parathyroid adenoma(s) (see
Chap. 28 of this book).

The typical bone scan pattern of hyperparathyroidism is
represented by generalized increased radiopharmaceutical
uptake in bones of the skull, jaw, sternum, and shoulder
(Fig. 24.29). With high-resolution scintigraphy (e.g., using
the pinhole collimator for acquiring spot views at selected
sites), the characteristic sign of the linearly increased uptake
in the subperiosteal bone, for example, at the level of the
phalanxes, might be detected. Other signs associated with
hyperparathyroidism are the “rosary beads sign” (increased
uptake at the costochondral junctions) and the “tie sign”
(prominent uptake in the sternum).

Hyperparathyroidism has also been described associated
with brown tumors, soft tissue calcifications, fractures, and
subchondral bone resorption. Brown tumors are also known
as osteitis fibrosa cystica or osteoclastomas and result from
replacement of the normal bone marrow with hemorrhage
and granulation tissue. These tumors can be visualized with
whole-body **"Tc-sestamibi scintigraphy, although ['*F]FDG
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Fig. 24.29 Composite planar
bone scintigraphy obtained
about 3 h after administration
of "Tc-MDP in a patient with
hyperparathyroidism
secondary to renal failure.
Markedly increased tracer
uptake virtually in the whole
head, including the calvarium,
maxillary bones, and
mandible. This scintigraphic
pattern of the head is rather
typical and resembles the
appearance of a grenadier
soldier (reproduced with
permission from: Volterrani D,
Erba PA, Mariani G, Eds.
Fondamenti di Medicina
Nucleare — Tecniche e
Applicazioni. Milan: Springer
Italy; 2010)

PET/CT has been reported as a more sensitive technique [69].
Soft tissue calcifications, also known as metastatic calcifica-
tions, have been described in the soft tissue of both upper and
lower extremities [70], lungs [71], thyroid, and stomach [72].
Improvement of these features has been reported following
resection of the hyperfunctioning parathyroid tissue [72].

24.5.4 Renal Osteodystrophy

The most typical scintigraphic pattern of renal osteodystro-
phy (a condition characterized by complex metabolic
derangements including, among others, secondary hyper-
parathyroidism) is represented by homogeneously increased
uptake of *™Tc-diphosphonates in the whole skeleton but
particularly in the bones of the skull and jaw (see Fig. 24.29).
The images acquired 24 post-administration are character-
ized by very high bone-to-soft-tissue tissue ratios; pulmo-
nary, gastric, or renal calcifications may also be visualized.

24.5.5 Hypertrophic Osteoarthropathy

Hypertrophic osteoarthropathy can be idiopathic or second-
ary to malignancy. This condition is characterized by perios-
teal reaction, more prominent in the long bones. In the bone
scan, linearly increased uptake in parallel lines along the cor-
tex of the diaphysis of the radii, tibias, and femurs can be
detected [73]. Secondary forms, for example, due to lung can-
cer, often resolve following treatment of the underlying cause.

Key Learning Points

* The term metabolic bone disease includes a group
of alterations that involve the skeleton in full, char-
acterized by an increase in bone turnover.

e The corresponding scintigraphic pattern is charac-
terized by a diffusely increased uptake of the
radiopharmaceutical.
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24.6 Trauma and Fractures

On bone scintigraphy, fractures are characterized by
increased uptake of *™Tc-diphosphonates along the fracture
lines. In the acute stage, uptake may also be seen in the first
and second phase of a three-phase bone scan. The time
elapsed between the trauma and positivity of the fracture in a
bone scan may vary, though. For instance, fractures in the
extremities usually become positive within the first 24 h after
trauma, but fractures of the spine, pelvis, or femoral neck
may become positive only after several days. This also
depends on patients’ age and on the concomitant occurrence
of osteoporosis. In elderly patients, even hip fractures may
not become sites of increased uptake for several days after
the traumatic event.

Patients with trauma are usually referred for planar X-rays
and/or high-resolution CT. In rare cases, these modalities
might not allow a diagnosis of a fracture, and bone scintigra-
phy might be helpful. This applies in particular to fractures
in osteoporotic bone, in which the fracture lines may be
detected only with some difficulty, for instance, in case of
sacral insufficiency fractures. Sacral insufficiency fractures
are scintigraphically characterized by linear uptake lines
next to the iliosacral joints connected by a horizontal line of
increased uptake so that an “H” is formed, the so-called
Honda sign (see Fig. 24.26). They are usually accompanied
by fractures of the pubis and/or ischium. In osteoporotic ver-
tebral fractures, bone scintigraphy with SPECT/CT not only
provides the diagnosis but can also assess their age and flo-
ridity. This feature has some therapeutic relevance, since
only patients with younger fractures benefit from vertebral
osteoplasty.

In athletes presenting with pain of the lower extremities,
bone scintigraphy can distinguish between insertion tendi-
nopathies (such as the so-called shin splints) and stress frac-
tures. Again, SPECT/CT helps considerably in differentiating
between increased uptake caused by fractures and that
caused by other conditions, in particular in anatomically
complex regions such as in the hands or feet. On CT imag-
ing, fracture lines can in many cases be seen or also contour
disruptions of the bone involved.

24.6.1 Occult Fractures or Trauma

While standard radiography is the primary imaging tech-
nique in case of suspected fracture, bone scintigraphy is use-
ful to reveal occult fractures and to exclude a pathological
cause when the radiological examination is still negative.
The areas most frequently affected by occult fractures are the
carpal bones, proximal femora, ankle, foot, and spine.
Sensitivity of bone scintigraphy in disclosing occult frac-

tures (though varying according to the site involved and
patient age) is >95%, with a negative predictive value close
t0 99%.

The three-phase bone scintigraphy becomes abnormal
shortly after the fracture; 95% of fractures in patients aged
<65 years may be visualized at scintigraphy within 24 h and
100% within 72 h, while in patients aged >65 years the bone
scan becomes positive within 72 h. Bone scintigraphy can
also be used to estimate the age of the fracture in terms of
time elapsed since the acute event.

The pattern of three-phase bone scintigraphy can be clas-
sified into three types: acute, subacute, and healing. In the
acute phase (14 weeks), hyperemia and hematoma
formation around the fracture site cause increased blood flow
(in the vascular phase of the three-phase scan) and increased
activity in the blood pool image. In the subacute phase
(6-12 weeks), with the formation of bone callus and a rela-
tive decrease of regional blood flow, increased tracer uptake
is noticed in particular around the fracture fissure (Fig. 24.30).
In the final healing phase, the bone callus is reabsorbed and
replaced by normal bone tissue, thus gradually reducing the
intensity of tracer uptake. In uncomplicated fractures scintig-
raphy normalizes over 1 or 2 years; if increased uptake per-
sists, suspicion of infection or lack of union of the bone
fracture should be considered.

24.6.2 Stress Fractures

The proper definition and pathophysiology of the stress frac-
ture currently encompass two processes with a similar end
result. The fatigue fracture is the result of an abnormal load
upon normal bone, while the insufficiency fracture is the
result of normal loading upon abnormal bone (osteopenic
bone). The fatigue fracture is the result of an abnormal repet-
itive load upon normal bone and occurs during an abrupt
increase in frequency, duration, or intensity of activity when
bone resorption (osteoclasts) is greater than bone replace-
ment (osteoblasts).

This type of stress fracture commonly occurs in the young
active individual, such as the athlete or military recruit.
Contributing risk factors, which are not mutually exclusive
of one another, can be divided into two broad categories:
extrinsic (training regimen, footwear, training surface, and
type of sport) and intrinsic factors (gender, age, race, and
overall fitness level, as well as skeletal, muscle, joint, and
biomechanical factors). Females have a higher incidence of
fatigue fractures compared with males, in part as a conse-
quence of the “female athlete triad”: eating disorders, amen-
orrhea, and osteoporosis. Through a complex interplay of
nutritional deficiency, hypothalamic and estrogen abnormal-
ities, as well as delayed menarche, reduced bone mineral
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Fig. 24.30 Planar whole-
body scintigraphy obtained
about 3 h after administration
of Tc-HDP in a patient
with recent traumatic fracture
just below the left humeral
head. Markedly increased
tracer uptake at the fracture
site reflects active ongoing
mineralization of the healing
bone callus (modified from:
Volterrani D, Erba PA,
Mariani G, Eds. Fondamenti
di Medicina Nucleare —
Tecniche e Applicazioni.
Milan: Springer Italy; 2010)
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density places the female athlete at a significant risk for
stress fractures.

Insufficiency fractures are the result of normal loading
upon abnormally weakened bone. Several predisposing fac-
tors have been identified as the cause of insufficiency frac-
tures, the common entity often being primary or secondary
osteoporosis. Other risk factors include all the conditions
where bone elasticity and mineral content are compromised,
such as rheumatoid arthritis, metabolic bone disease, neuro-
logical disorders, prior irradiation, total hip replacement,
corticosteroid therapy, high-dose fluoride therapy, and
bisphosphonate therapy. Elderly and postmenopausal women
are most at risk for developing insufficiency fractures.

Stress fractures almost universally present with pain upon
activity and point tenderness. The pain is relieved with rest
and worsens when the activity is continued. Typically, the
presentation occurs when there has been a change in inten-
sity of the activity. Insufficiency fractures of the pelvis fre-
quently present as low back, buttock, and groin pain in the
elderly. Subchondral insufficiency fractures may present
with sudden onset of severe pain in the absence of or follow-
ing only minor trauma and, therefore, may present in an
emergency setting.

X-ray is a first-line imaging procedure, despite its low
sensitivity in case of early stress fracture and difficulties of
interpretation in the presence of osteopenia. Stress frac-
tures may appear as subtle linear sclerosis (often perpen-
dicular to major trabeculae), focal endosteal or periosteal
reaction, and/or fracture through one cortex with superim-
posed periosteal reaction. MR imaging is extremely sensi-
tive (100% sensitivity and 85% specificity), although
typically a second-line modality, obtained when radio-
graphs are normal and pain persists or in athletes requiring
a definitive diagnosis. A linear hypointense fracture line on
T1-weighted and T2-weighted images with adjacent bone
marrow and soft tissue hyperintensity on T2 fat saturated or
short tau inversion recovery (STIR) sequences (edema) are
typical findings. Periosteal new bone will exhibit low sig-
nal in all sequences, and adjacent soft tissue edema may
also be present. Fredericson et al. provided a classification
into discrete grades based on fluid-sensitive and
T1-weighted characteristics of the stress injury of the tibial
bone in runners [74]. Further work by Kijowski et al. found
a correlation between the grade of the lesions and the esti-
mated time to return to sport activities [75]. MRI is also
important for diagnosing subchondral insufficiency frac-
tures, which are not apparent on radiographs unless there is
linear subchondral lucency or collapse. The main limitation
of MR is the possibility of misdiagnosis, since peripheral
edema in the T2-weighted sequences can be present in case
of infection and tumor. Therefore, MR imaging is currently
reserved for the evaluation or follow-up of athletes per-
forming sports activities at a competitive level or in combi-
nation with scintigraphic data, if they are not conclusive.

CT is useful for identification of longitudinal fracture
lines, for the differential diagnosis with osteoid osteoma, and
for the evaluation of stress injury of the spine, whereas has
limited value in case of chronic lesions and for the evaluation
of transverse fractures [76].

A repetitive stress on a given musculoskeletal tract causes
a reabsorption and neoformation reaction of the bone tissue,
mediated by the concerted action of osteoblasts and osteo-
clasts; this response is a functional adaptation of the bone
tissue, which is constantly stretched under load. However,
this process implies that there is a phase where osteoclast
activity is predominant; the occurrence of further stress in
this period can cause microfractures (or even macroscopic
fractures).

Bone scintigraphy plays a well-defined role in the diag-
nosis of stress fractures, with 100% sensitivity even at an
early stage when 80% of such lesions are not still evident in
the conventional radiological examination. In fact, bone
scintigraphy becomes positive about 2 weeks before the
radiological appearance. Early diagnosis is very important,
for example, for athletes who practice sports at an advanced
level, both to prevent complications of an undiagnosed
fracture and to allow a faster recovery. The most common
fracture site is the tibia, followed by the metatarsal bones.
On bone scintigraphy, the stress fracture appears as a focal
area of hyperactivity in the 3-h image, variably associated
with different degrees of changes in the flow blood and
blood pool phase, depending on the time elapsed from the
fracture or if it has been subjected to new stresses. Based on
the scintigraphic pattern, a fracture can be classified as
follows:

e Grade [—slightly increased tracer uptake localized to the
cortex

e Grade II—more intense and extended increased uptake

e Grade IlI—increased uptake extended to more than half
the bone amplitude

e Grade [V—increased uptake extended to the entire bone
thickness

In general, stress fractures of the proximal tibia tend to
heal earlier than those of the distal tract. Furthermore, frac-
tures of the anterior aspect of the tibia and the malleolus are
more frequently associated with complications (such as non-
conjunction, poor positioning, and avascular necrosis) as
compared to the corresponding posterior aspects. Femoral
neck fractures are mostly diagnosed in athletes and in older
people with osteoporosis and may be of two types: with
compression (located at the lower margin of the femoral
neck) and with loading (located at the top edge).

Pelvic occult fractures are mainly due to osteoporosis;
they are usually located along the sacrum or pubis and can be
misinterpreted as metastatic disease at scintigraphy. In 85%
of patients with sacral osteoporosis, bone scintigraphy can



608

also detect other unknown fractures, located above all in the
spine, ribs, and pubic bone.

Spondylolysis, characterized by a defect in the posterior
arch of the vertebrae at the pars interarticularis, represents
the primary diagnosis in 47% of young athletes with negative
history for previous trauma but with lumbar back pain. Often
it is bilateral and can, therefore, cause spondylolisthesis. For
the diagnosis, in addition to the standard scintigraphic study
(which shows an increased uptake at the lesion), SPECT and
SPECT/CT acquisitions provide best results, especially for
accurate localization of the site involved and as prognostic
index for potential healing. In fact, a negative scintigraphy in
presence of a positive radiography indicates either inactive
disease or healed fracture and excludes spondylolysis as a
cause of pain.

["®!F]FDG PET/CT can also demonstrate increased tracer
uptake at the site of stress fracture. Some patterns of uptake,
such as the “Honda sign” for sacral insufficiency fractures,
can be diagnostic, with sensitivity and positive predictive
value of up to 96% and 92%, respectively [77, 78].

Key Learning Points

* On bone scintigraphy, fractures are characterized
by increased uptake of *Tc-diphosphonates along
the fracture lines.

e Fractures in the extremities usually become positive
within the first 24 h after trauma, but fractures of the
spine, pelvis, or femoral neck may become positive
only after several days.

e In uncomplicated fractures scintigraphy normalizes
over 1 or 2 years.

* In osteoporotic vertebral fractures, bone scintigra-
phy with SPECT/CT not only provides the diagno-
sis but can also assess their age and floridity.

e The fatigue fracture is the result of an abnormal
load upon normal bone, while the insufficiency
fracture is the result of normal loading upon abnor-
mal bone (osteopenic bone).

e Bone scintigraphy plays a well-defined role in the
diagnosis of stress fractures, with 100% sensitivity
even at an early stage when 80% of such lesions are
not yet obvious on conventional X-ray
examination.

24.7 Vascular Disorders

Aseptic bone necroses are caused by acute disturbances in
blood supply, the exact cause remaining unclear in most
cases. In their very early phase, the necrotic bone is hypoper-
fused and hypometabolic, presenting therefore as a “cold
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spot” on bone scintigraphy. Reparative processes, starting at
the periphery of the necrotic bone, begin several days after
the insult and persist for months or years thereafter. In this
process, the core of the necrosis remains hypometabolic; this
creates a typical scintigraphic pattern of a “cold-in-hot” spot,
often termed as halo or crescent sign.

Transient osteoporosis/bone marrow edema, a usually
self-limiting condition, also affects the epiphysary bone; is
painful, in its early stages markedly hypermetabolic; and
thus raises the issue of differential diagnosis with femoral
head necrosis. Aseptic necrosis may also affect other bones,
such as the distal femur, the os lunatum, or the os scaphoi-
deum. Bone infarctions are also due to vascular disturbances
but—at variance with bone necrosis—in most cases are
asymptomatic. They may be idiopathic or triggered by a
variety of risk factors such as alcohol, sickle cell anemia,
radiation therapy, cytotoxic medication, or steroids. Their
scintigraphic appearance depends on the stage when they are
imaged, similarly as in the case of bone necrosis. On CT
imaging, they tend to have a sclerotic rim with a central lytic
zone that may also feature calcifications.

In osteochondrosis dissecans, bone ischemia can lead to
bone fragmentation of the joint end of a bone. This condition
is found above all at the knee or talus. The involved zones are
generally visible on planar/SPECT imaging as areas with
increased *™Tc-diphosphonate uptake. SPECT/CT greatly
increases the diagnostic accuracy.

24.7.1 Aseptic Necrosis of the Femoral Head

Osteonecrosis (often termed avascular necrosis with
involvement of the epiphyseal regions) is a relatively com-
mon disease in which ischemic death of the cellular compo-
nents of bone and marrow occurs. The femoral heads are the
most commonly affected sites, with estimates of symptom-
atic femoral head osteonecrosis of 2—4.5 per patient-year,
resulting in 10,000-20,000 new cases annually in the United
States [79]. Since most patients are asymptomatic, most
likely this incidence significantly underestimates the true
prevalence of osteonecrosis. Osteonecrosis affects both
children and adults, and the predisposing factors include
dislocation of the hip, femoral neck fracture, corticosteroid
usage, alcoholism, collagen vascular disease, hemoglobin-
opathies, Gaucher disease, caisson disease, and some skel-
etal dysplasias [80]. The spontaneous form (or
Legg-Calvé-Perthes disease) affects children at an age of
4-8 years. Secondary forms are more common in adulthood.
Nontraumatic osteonecrosis is bilateral in 70—80% of cases,
which further increases the disability due to femoral head
collapse.

No specific physical findings or laboratory tests can reli-
ably establish the diagnosis of osteonecrosis. When sus-
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pected on clinical ground, osteonecrosis must be confirmed
by diagnostic imaging, or through biopsy. Imaging methods
that can assist in establishing the diagnosis include planar
X-rays, CT, bone scintigraphy, and MRI, with or without
contrast enhancement. These methods vary considerably in
their cost, diagnostic accuracy, and the information
provided.

Although the optimal treatment for femoral head osteone-
crosis is debated, early diagnosis is important both for
excluding other causes of pain (infection, cancer, fracture,
arthritis, femoro-acetabular impingement syndrome, etc.)
and for assessing the efficacy of treatment.

X-ray should be always performed as the first-line
imaging. In children, the earliest radiographic findings of
osteonecrosis include a smaller ossific nucleus, increased
radiodensity, subchondral fracture, and metaphyseal
radiolucencies. Subsequently, fragmentation, resorption,
reossification, and remodeling of the affected femoral
head and neck are seen. The main role of CT is to deter-
mine the severity of articular collapse and its location
and to detect early secondary degenerative joint disease.
This information is useful for surgical planning, e.g., for
rotational osteotomy, arthroplasty, resurfacing proce-
dures, or joint replacement [81]. In the pediatric popula-
tion, CT is not commonly used for assessment of
osteonecrosis.

MRI is the most sensitive and specific imaging modality
to detect osteonecrosis [82, 83]. In the adult population, the
differential diagnosis should always be made versus tran-
sient osteoporosis and subchondral insufficiency fracture
[84, 85]. In the pediatric population, there is a definite role
for contrast-enhanced MRI [86, 87]. Using a dynamic tech-
nique, the disease can be detected at an earlier stage than
with other MRI techniques; in particular, in Legg-Calvé-
Perthes disease, there is increased peak enhancement and
delayed time-to-peak enhancement [88]. Furthermore, this
technique has been used to identify femoral heads at risk for
the development of osteonecrosis subsequent to femoral
neck fracture [89].

Although planar bone scintigraphy is less sensitive than
MRI (90% versus 100%) [82], it remains a valid option in
patients with suspected osteonecrosis. SPECT or preferably
SPECT/CT improves overall sensitivity up to 97%. Different
sensitivities reported by different studies are mainly due to the
different etiopathogenetic factors that can cause aseptic necro-
sis and by the dynamic nature of the process. For example,
osteonecrosis following fracture of the femoral neck is due to a
sudden and substantial reduction of blood flow (the scinti-
graphic images, thus, show a photopenic area) (see Figs. 24.3
and 24.4). In the form secondary to corticosteroid therapy, the
presence of small photopenic lesions with microfractures and
repair might be visible in the bone scan as an area of increased
uptake.
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In addition, the diagnostic value of scintigraphy is less
affected than CT and MR by artifacts due to recent surgical
interventions. In Legg-Calvé-Perthes disease, a photopenic
area can be seen in the early stages, followed by hyperactiv-
ity due to repair reaction in later stages.

24.7.2 Sympathetic Reflex Dystrophy

This is mainly a post-traumatic syndrome, characterized by
pain, functional impotence, vasomotor instability, swelling,
and skin dystrophy. Because of an altered neurovegetative
balance, opening of vascular shunt occurs at the affected site,
resulting in low blood flow resistances. Diagnostic sensitiv-
ity of the three-phase bone scintigraphy is very high (>90%),
especially at an early stage when radiological imaging can
still be completely negative. The characteristic scintigraphic
pattern is represented by increased blood flow and increased
capillary permeability (compared to the contralateral limb),
usually only apparent in the first 2-3 months after the onset
of the disease (Fig. 24.31). At later stages, increased uptake
in the periarticular region at the affected limb, which can per-
sist for up to 1 year from the onset of symptoms, is generally
observed. A particular form, more common in childhood and
adolescence, is characterized by low activity accumulation in
the hip, both in the vascular phase and in the delayed, meta-
bolic phase of the scan [90].

Key Learning Points

e Aseptic bone necroses are caused by acute distur-
bances in blood supply, the exact cause remaining
unclear in most cases.

* In the very early phase, the necrotic bone is hypo-
perfused and hypometabolic, presenting therefore
as a “cold spot” on bone scintigraphy.

e Reparative processes start at the periphery of the
necrotic bone and begin several days after the insult,
persisting for months or years thereafter. In this pro-
cess, the core of the necrosis remains hypometabolic;
this creates the typical scintigraphic pattern of a
“cold-in-hot” spot, often termed halo or crescent sign.

e Sympathetic reflex dystrophy is a mainly post-trau-
matic syndrome, characterized by pain, functional
impotence, vasomotor instability, swelling, and
skin dystrophy.

e The characteristic scintigraphic pattern of sympa-
thetic reflex dystrophy represented by increased
blood flow, increased capillary permeability, and
increased bone metabolism in the affected limb as
compared to the contralateral.
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e 10 min
vascular phase and blood pool phase

Fig. 24.31 Dynamic three-phase bone scintigraphy in a patient with
recent sympathetic reflex dystrophy (also known as Sudeck’s syn-
drome) of the right foot—evaluated in the subacute phase of recovery.
The left panel depicts some selected initial frames from the dynamic
acquisition, showing enhanced perfusion of right foot versus the left
foot (ROIs defined on the two feet are depicted in last frame). The activ-

24.8 Inflammation

Inflammation usually leads to increased bone metabolism.
Depending on its floridity, increased uptake can be visible in
the first two phases of a three-phase bone scintigraphy.
However, these findings are often nonspecific.

Because of its ability to produce whole-body images,
bone scintigraphy can be helpful in evaluating the activity of
rheumatic diseases. In patients with infection/inflammation,
bone scintigraphy provides information on the floridity of
individual lesions as well as important diagnostic informa-
tion on the specific entity—based on the distribution pattern
of the segments involved.

24.8.1 Rheumatoid Arthritis

Rheumatoid arthritis is an autoimmune inflammatory polyar-
thritis that affects about 1% of the Western population and is
characterized by lymphocytic infiltration of the synovia that
erodes the articular cartilage and the underlying bone. If not
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late imaging phase (3 h)

ity/time curves from 0 to 300 s reported in lower left panel show mark-
edly increased blood perfusion of the right foot versus the left foot. The
right panel depicts the late scintigraphic image (acquired about 3 h
post-administration of the bone-seeking agent), showing markedly
increased tracer uptake in right foot, reflecting ongoing remodeling of
the involved bones

treated properly, this process leads to articular deformities
with consequent pain and loss of function. The disease typi-
cally affects the small joints of the hands and feet symmetri-
cally, with erosive arthritis that sometimes progresses to
systemic involvement. The spine is affected late, with pre-
dominant cervical involvement of the atlanto-axial joint and
of the inter-apophyseal joints.

The disease, easily diagnosed by clinical and laboratory
parameters, is characterized by quiescent and exacerbation
phases. Therefore, it is very important to define the state of
activity of the disease to modulate therapy and prevent
progression.

The radiological pattern is well defined, with altera-
tions occurring isolated or in association (according to the
stage), representing the key diagnostic signs. In the initial
stages, swelling of the soft joints associated with effusion
is observed, as well as juxta-articular subchondral corti-
cospinal osteoporosis, symmetric reduction of articular
interlines (as a consequence of cartilage damage), and
bone erosions. CT imaging does not have specific indica-
tions, except in special cases to estimate bone damage of
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Fig. 24.32 Planar whole-
body imaging (a) and spot
acquisition of the hands (b)
obtained about 3 h after
administration of " Tc-MDP
in a patient with active
rheumatoid arthritis involving
both small and large joints
(reproduced with permission
from: Versari A. Nuclear
medicine imaging in chronic
inflammatory diseases. In:
Lazzeri E, Signore A, Erba
PA, Prandini N, Versari A,
D’Errico G, Mariani G, Eds.
Radionuclide Imaging of
Infection and Inflammation —
A Pictorial Case-Based Atlas.
Milan: Springer;
2013:289-331)

’r A 7

large joints. Ultrasound is useful in the evaluation of the
initial forms (which still do not involve the bone), thanks
to its ability to detect early-stage arthrosynovitis and
tenosynovitis; this method constitutes an optimal guide
for endoarticular and infiltration procedures and monitor-
ing the response to therapy over time. MR imaging can
evaluate joint damage and extraarticular involvement,
identifying the initial damage of the bone and bone com-
partment as capsular ligamentous. This technique also
provides prognostic indications on disease severity and
response to specific therapies. In addition, it permits to
evaluate lesions of the atlanto-axial joint and, in particu-
lar, erosions of the epistropheus tooth.

The role of bone scintigraphy (which has been relevant in
the past) is currently somewhat limited. However, the exam
is still able to provide whole-body imaging and to detect
early joint involvement. In particular, the degree of *™Tc-
diphosphonate uptake in the juxta-articular area is propor-
tional to the activity of the disease (Figs. 24.32 and 24.33)
and is higher in recent acute lesions. Juxta-articular osteopo-
rosis presents as a more or less intense bipole shaped dif-
fusely increased uptake.

Bone erosion areas appear as areas of intense tracer
uptake on a background of diffusely increased uptake.
Identification of the involved joints is very early, before it
can be detected by traditional radiology. In addition, the
total-body imaging mode permits localization of disease in

anatomic sites/joints that are difficult to explore with X-rays
(sternoclavicular, acromioclavicular, temporomandibular,
and atlanto-axial joints). Bone scintigraphy can be used to
identify early rheumatoid arthritis, the form of recent onset
(<3 months), in which the erosive bone damage has not yet
developed and where proper therapy has the maximum prob-
ability of healing. At this stage, traditional radiological imag-
ing is negative, and MR imaging is suboptimal. Instead, bone
scintigraphy reveals a typical pattern of symmetrically
increased tracer uptake in the affected joints.

Another important application concerns the identification
of complications that may occur during the disease, such as
fractures (e.g., during corticosteroid therapy). The sites most
frequently affected are the vertebral bodies, femoral neck,
proximal tibial metaphysis, sacrum, and metatarsal bone. In
these cases traditional radiology is negative at an early stage
and only later can reveal radiotransparency or thickening
(linked to trabecular interpenetration) at the fracture
fissures.

24.8.2 Seronegative Spondyloarthropathies

Seronegative spondyloarthropathies constitute a heteroge-
neous group of diseases that include ankylosing spondyli-
tis, psoriatic arthropathy, Reiter’s syndrome, and
inflammatory bowel disease. They are called seronegative
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Fig.24.33 Bone
scintigraphy obtained in a
22-year-old man with pain in
the right foot and pelvis.
Planar anterior whole-body
scan (left panel) shows
increased tracer uptake in the
calcanear region of the left
foot. 3D-volume-rendered
hybrid image (right panel)
demonstrates Achilles
enthesitis and calcaneo-talar
arthritis. Spot dorsal view of
the pelvis (not shown here)
discloses predominantly
left-sided sacroiliitis. The
findings are due to psoriatic
arthropathy

as they are not characterized by the production of anti-IgG
antibodies as it occurs in rheumatoid arthritis. They are fur-
ther characterized by HLA-B27 positivity. In these dis-
eases, the spine is often affected, appearing on X-rays with
the so-called syndesmophytes that resemble osteophytes
but run in vertical direction. Sacroiliitis is also frequently
found in these disorders and readily diagnosed by enhanced
tracer uptake of these joints on the bone scan. Furthermore,
these conditions are characterized by the common feature
of enthesitis lesions, i.e., inflammation and degeneration of
the insertion site of tendons, bands, and ligaments of the
bone. These events create dystrophic ossification. The dis-
tribution of these lesions is quite typical, given the main
involvement of the axial skeleton and the synchondrosis
sacroiliac joints, which are invariably affected, although at
different times. Less frequently the small joints of the
wrists and of the hands are involved, in an asymmetrical
way. The diagnostic workup is based on plain X-ray,
although this imaging modality is less satisfactory than in
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rheumatoid arthritis, as the evolution of this group of
pathologies is slower and with a minor inflammatory com-
ponent. Moreover, axial joints are difficult to evaluate due
to the complex three-dimensional geometry and overlap-
ping with others skeletal structures. This diagnostic delay
can be significantly reduced thanks to bone scintigraphy
that, with a total body scan, is able to show multiple juxta-
articular area of increased uptake with the typical spatial
distribution in axial and appendicular segments and at the
level of the enthesis.

Increased tracer uptake at the sternal, costotransverse, and
sacroiliac bones and in the tendon insertion areas (such as
posterior calcareous apophysis, large trochanter, ischial
tuberosity) is highly characteristic and diagnostic of
spondylarthritis.

Currently, MRI is the preferred modality for early assess-
ment of these diseases, providing morphological evidence of
degeneration. Bone scintigraphy allows the early diagnosis
of sacroiliitis, which presents with atypical clinical signs.
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Bone scintigraphy analyzed by calculating the uptake
indexes of synchondrosis (on either planar and/or SPECT
imaging) has a 100% negative predictive value. In contrast,
an abnormal uptake index makes the diagnosis of sacroiliitis
very likely already at the initial stage. SPECT increases by
20-50% the number of lesions detected in the lumbosacral
region as compared to planar scintigraphy. Nonetheless,
diagnostic confirmation of the synchondrosis by CT is nec-
essary, due to the low specificity of scintigraphy since
increased tracer uptake might be present also in case of
osteoarthritis, functional overload in patients with scoliosis,
and dissection of the limbs, and can be physiologically
observed in subjects in prepuberal age with cartilages of
florid growth. Intensity of uptake of the bone-seeking radio-
pharmaceutical declines over time, with the evolution of
lesions to the chronic phase, in which the tendency to synos-
tosis is manifested.

PET provides an alternative means that can elucidate
molecular and cellular changes of the affected joints. Since
changes in bone metabolism are present long before clear
morphological signs develop, PET with either '8F-fluoride or
['®F]FDG can identify and characterize early-stage disease,
allowing for more timely treatment and closer monitoring of
disease progression [91, 92]. Furthermore, *F-fluoride has
greater accuracy and sensitivity than *™Tc-MDP scintigraphy
and can reliably identify areas with associated inflammation-
induced changes and high mechanical stress [93].

Key Learning Points

e Inflammation usually leads to increased bone
metabolism.

* Depending on its floridity, increased uptake can be
observed in the first two phases of a three-phase
bone scintigraphy.

* Bone scintigraphy has a high sensitivity in detect-
ing joint inflammation and may be used to visualize
joint involvement in the rheumatic diseases.

24.9 Infection

Osteomyelitis (OM), the condition characterized by microor-
ganisms infecting the bone and/or bone marrow, is not a
single condition but rather a spectrum of different diseases
that vary based on the host’s immunological status, the pre-
existing pathology in bone, and the type of the infectious
microorganism. All of these factors affect the site of infec-
tion onset and the result of diagnostic investigations.

OM can be the result of direct infection after injury or
can occur if microorganisms reach the bones via the
bloodstream—from other infective foci in the body. Once
the bone is infected, the activated leukocytes release

613

enzymes (thereby causing osteolysis), pus can be formed,
and the small vessels can be blocked causing sequesters
and necrosis; with progressing infection, OM can become
chronic, causing sclerosis and deformity. Although any
bone may in principle be affected, the maxilla, mandible,
long bones, and spine are most often involved, due to their
high blood supply [94, 95]. Acute OM most often occurs
in children and in adults with compromised host resis-
tance (immunosuppressive therapy, i.v. drug abuse, infec-
tious tooth-root canal teeth, etc.) [94]. The incidence of
OM in developed countries is less than 2% of the general
population per year (13/100,000 among children) [96].
OM requires prolonged antibiotic therapy (usually
6—12 weeks) and sometimes may require surgical debride-
ment. Severe cases may even lead to amputation of a limb
[97].

Imaging has the primary role of achieving a prompt diag-
nosis of OM and of evaluating its extent. Standard X-rays
represent the first imaging modality used when OM is sus-
pected; however, plain radiography may be normal up to
2-4 weeks after onset of OM. Although extremely variable
values are reported, sensitivity and specificity of radiography
for acute OM are generally considered to be rather low (28—
93% and 50-91%, respectively). At later stages, reliable
X-ray signs of OM are cortical erosions, bone resorption
and/or destruction, and periosteal reaction. Even if rarely
(depending on the specific bacteria responsible for the infec-
tion), gas can be seen in soft tissues.

Ultrasonography has no major role for evaluating bone
involvement when OM is suspected, although it can be used
(with power Doppler) to evaluate soft tissues involvement,
presence of abscesses or sinus tracts, and periosteal reaction.
In addition, ultrasound guidance can aid to guide needle
aspiration of fluid or to place a drainage tube.

The diagnostic performance of CT imaging is clearly
superior to plain X-rays, particularly by allowing an earlier
diagnosis. Its use is, however, limited by the high amount of
ionizing radiation and the impossibility of evaluating bone
marrow edema.

MRI is superior to other radiological imaging modali-
ties in evaluating patients with suspected OM, because of
its ability to simultaneously assess soft tissues and bone/
bone marrow structures. Sensitivity and specificity have
been reported to reach up to 100% and 95%, respectively.
In particular, MRI can be useful for distinguishing viable
from necrotic tissues and for detecting the presence of air/
gas bubbles within soft tissues. OM is usually character-
ized by low signal on T1-weighted images and bright sig-
nal on T2-weighted images, better appreciated when fat
saturation is used. Increased signal on T2-weighted images
without signal modification on T1-weighted images usu-
ally represents reactive edema of the surrounding soft tis-
sues due to infection rather than bone infection itself. The
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use of i.v. gadolinium-based contrast agents in conjunction
with fat-saturated T1-weighted sequences increases the
diagnostic accuracy. MRI is helpful in detecting septic
involvement of the joint space and nearby soft tissues.
MRI can also detect joint effusion and synovial thicken-
ing; in this instance, the absence of bone marrow changes
on T1-weighed images and marrow changes confined to
the subchondral bone indicate simple reactive edema
rather than bone infection.

24.9.1 Radionuclide Imaging of
Infection/Inflammation

Different radiopharmaceuticals can be used in the diagnostic
flowchart of infection and/or inflammation of peripheral
bones, including *"Tc-diphosponates, labeled autologous
leukocytes, anti-granulocytes antibodies, ['*F]JFDG, and
’Ga-citrate [98]. A high or low clinical probability of OM
dictates the choice of the radiopharmaceutical to be used.

In case of low probability of peripheral OM, dynamic
three-phase bone scintigraphy with *™Tc-diphosponates rep-
resents the front-line nuclear medicine procedure of choice.
As described above, dynamic bone scintigraphy permits
evaluation of blood flow immediately following i.v. bolus
injection of the radiopharmaceutical, as well as the presence
of local edema (blood pool image at 5 min post-injection)
and the level of osteoblastic activity (standard late imaging
3—4 h after tracer injection). A negative scan is sufficient to
exclude presence of acute inflammation and/or infection. A
positive scan, i.e., increased perfusion in early imaging and
delayed increased tracer uptake in the region of suspected
infection, suggests the presence of inflammation—but not

Fig. 24.34 *"Bone scintigraphy performed in a patient who had suf-
fered a bullet injury to the right foot about 1 year earlier. Planar scan
(left panel) discloses a hot spot in the right midfoot. On the fusion
SPECT/CT image (center panel), an area of the navicular bone exhibits

necessarily infection. In the latter case, scintigraphy with
labeled leukocytes will be useful to exclude the presence of
infection. The pattern of increased uptake at bone scintigra-
phy is especially important in patients with chronic osteomy-
elitis, in whom it is crucial, for proper management, to
distinguish between increased uptake caused by underlying
infection and increased uptake due to bone remodeling.
SPECT/CT acquisition can help define bone involvement
(Fig. 24.34). Indeed, in the presence of orthopedic devices,
the sensitivity and specificity of planar bone scintigraphy are
relatively low (67% and 50%, respectively).

In patients with high clinical probability of OM, scintigra-
phy with labeled autologous leukocytes (usually *™Tc-
HMPAO-leukocytes or  *"Tc-HMPAO-WBCs—although
n-oxine-WBCs may be preferred in selected cases) repre-
sents the nuclear medicine procedure of choice [99] (see exam-
ples in Figs. 24.35-24.38). Nonetheless, in patients with
neutropenia (caused by, e.g., chemotherapy or various immu-
nodeficiencies), the use of ['"*F]JFDG PET/CT should be con-
sidered. The use of ['"*F]JFDG PET/CT can also be considered
in patients with suspected OM in general, particularly if no
fractures are present. Scintigraphy with labeled *™Tc-HMPAO-
WBCs represents the gold standard for diagnosing neutrophil-
mediated infectious diseases. The scintigraphic images should
be acquired 30 min (early images), 3—4 h (delayed images), and
20-24 h (late images) post reinfusion of the labeled leuko-
cytes. Time over which to acquire the images should be
adjusted so as to accumulate counts with sufficient statistics
according to radionuclide decay in the intervened time.

Scintigraphic images should be evaluated by adopting
the correct interpretation criteria to distinguish infective
from inflammatory disease of bone. The diagnostic accu-
racy of "Tc-HMPAO-WBC scintigraphy is >95% [100].

increased uptake. CT scan (right panel) discloses sclerotic as well as
lytic changes in that bone. The findings are due to osteomyelitis. Note
metallic remnants of bullet on the CT image
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Fig. 24.35 *"Tc-HMPAO-WBC scintigraphy performed in a patient
with osteomyelitis of the left tibia to evaluate the extent of infection.
Top panel: the 24-h planar image (anterior and posterior, left and right)
shows clear accumulation of labeled leukocytes in the diaphysis of the
left tibia. Bottom panel: fused SPECT/CT images allow the precise
assessment of the extent of the infection in the bone, extending to adja-

cent soft tissue (modified from: Lazzeri E. Nuclear medicine imaging of
bone and joint infection. In: Lazzeri E, Signore A, Erba PA, Prandini N,
Versari A, D’Errico G, Mariani G, Eds. Radionuclide Imaging of
Infection and Inflammation — A Pictorial Case-Based Atlas. Milan:
Springer; 2013:39-80)
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Baseline SPECT/CT

Fig.24.36 *“"Tc-HMPAO-WBC scintigraphy performed at two differ-
ent times in a patient with osteomyelitis of right tibia. Left panel: fused
SPECT/CT acquired to confirm the clinical suspicion of osteomyelitis,
showing clear accumulation of labeled leukocytes at the site of infec-
tion, confined to the bone and bone marrow. Right panel: fused SPECT/
CT of the scan acquired after completion of antibiotic therapy, demon-
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Post-therapy SPECT/CT

strating disappearance of the abnormal focus of labeled leukocyte accu-
mulation at the site of the prior infection (modified from: Lazzeri
E. Nuclear medicine imaging of bone and joint infection. In: Lazzeri E,
Signore A, Erba PA, Prandini N, Versari A, D’Errico G, Mariani G,
Eds. Radionuclide Imaging of Infection and Inflammation — A Pictorial
Case-Based Atlas. Milan: Springer; 2013:39-80)

Fig. 24.37 *"Tc-HMPAO-WBC scintigraphy acquired 4 h post-
injection in a patient with suspected infection of the right foot. Left
panel: fused SPECT/CT images (transaxial, left; sagittal, middle; coro-
nal, right) of the feet showing focal accumulation of labeled leukocytes
in right talonavicular joint, consistent with septic arthritis. Right panel:
3D reconstruction of fused SPECT/CT images of lower limbs clearly

depicting exact localization of the infection site (modified from: Lazzeri
E. Nuclear medicine imaging of bone and joint infection. In: Lazzeri E,
Signore A, Erba PA, Prandini N, Versari A, D’Errico G, Mariani G,
Eds. Radionuclide Imaging of Infection and Inflammation — A Pictorial
Case-Based Atlas. Milan: Springer; 2013:39-80)
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Fig. 24.38 *"Tc-HMPAO-WBC scintigraphy performed in a patient
with suspected frontal osteomyelitis. Left panel: planar anterior (upper)
and left lateral (lower) images acquired 4 h post-injection, showing
focal accumulation of labeled leukocytes in the frontal region. Right
panel: fused SPECT/CT images (sagittal, left; axial, right), showing

SPECT/CT acquisition is crucial especially to evaluate the
exact extension of infection, i.e., whether the infection is
confined to the bone and bone marrow or it also involves
the adjacent soft tissues. This evaluation is the optimal
basis for proper clinical management, particularly in some
conditions, e.g., the diabetic foot (see Figs. 24.39 and
24.40).

Scintigraphy with combined labeled leukocytes and a
bone marrow agent (generally a *™Tc-colloid) can be used
for diagnosing bone infection in case of equivocal findings at
leukocyte scintigraphy, particularly in those cases where an
expanded bone marrow activity is present. Both labeled leu-
kocytes and radiocolloids accumulate in the healthy bone
marrow, while in OM labeled leukocytes accumulate,
whereas radiocolloids do not [101] (see Fig. 24.41).

Radiolabeled anti-granulocyte monoclonal antibody prepa-
rations can also be used, particularly for imaging chronic OM
[102-105]. In this case, images should be acquired at 34 h
and 20-24 h post i.v. injection of the radiopharmaceutical.

Biodistribution of the leukocytes labeled in vivo with the anti-
body agents is similar to that of " Tc-HMPAO-WBCs, although
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intense accumulation of labeled leukocytes in frontal sinus (modified
from: Lazzeri E. Nuclear medicine imaging of bone and joint infection.
In: Lazzeri E, Signore A, Erba PA, Prandini N, Versari A, D’Errico G,
Mariani G, Eds. Radionuclide Imaging of Infection and Inflammation —
A Pictorial Case-Based Atlas. Milan: Springer; 2013:39-80)

in general bone marrow accumulation is higher when using
radiolabeled anti-granulocyte antibodies than with the in vitro
labeled leukocytes. Sensitivity of radiolabeled anti-granulocyte
antibody scintigraphy for the diagnosis of peripheral bone OM is
about 85%, with 83% specificity [106]. The combined scan with
mTc-colloids can also be performed in case of equivocal find-
ings at anti-granulocyte antibody scintigraphy [102].

Scintigraphy with ’Ga-citrate (images being acquired at
6, 24, and 48 h after tracer injection) is an alternative option
for radionuclide imaging where scintigraphy with labeled
leukocytes or anti-granulocyte antibodies is not available.
Nevertheless, this imaging technique has become obsolete in
most Nuclear Medicine centres around the world.

PET/CT with ['F]JFDG and/or '|F-fluoride are being
increasingly used to investigate patients with suspected OM,
although neither of these two tracers can be considered
infection-specific [107, 108]. ['*F]FDG has also been sug-
gested to label autologous leukocytes in vitro [109], although
the short physical half-life of ¥F (110 min) does not allow
satisfactory evaluation of the kinetics of labeled leukocyte
accumulation at the site under investigation.
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Fig. 24.39 SPECT/CT acquisition during *"Tc-HMPAO-WBC scin-
tigraphy performed in a diabetic patient with suspected osteomyelitis of
the right toe (MIP image in right lower panel). Sagittal section (CT,
upper left; SPECT, upper right; fused SPECT/CT, lower left) demon-
strating accumulation of labeled leukocytes selectively involving the

The European Association of Nuclear Medicine
(EANM), the European Society of Radiology (ESR), the
European Bone and Joint Infection Society (EBJIS), and
the European Society of Microbiology and Infectious
Diseases (ESCMID) have recently released a Consensus
Document for the diagnosis of peripheral bone infection in
adults (see below under “Further reading”). According to
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bone structure of the toe (reproduced with permission from: Prandini N,
Beretta F. Nuclear medicine imaging of diabetic foot. In: Lazzeri E,
Signore A, Erba PA, Prandini N, Versari A, D’Errico G, Mariani G,
Eds. Radionuclide Imaging of Infection and Inflammation — A Pictorial
Case-Based Atlas. Milan: Springer; 2013:253-269)

their conclusions concerning radionuclide imaging, the
pre-test probability of infection should be considered for
choosing between three-phase bone scintigraphy and scin-
tigraphy with labeled autologous WBCs. High probability
of infection based on findings such as fracture, recent sur-
gery, osteosynthesis, and highly positive serological tests
favours the choice of scintigraphy with labeled autologous
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Fig. 24.40 SPECT/CT acquisition during *"Tc-HMPAO-WBC scin-
tigraphy performed in a diabetic patient with right plantar ulcer and sus-
pected osteomyelitis of the right foot (SPECT, upper row; CT, middle
row; fused SPECT/CT, lower row). Sections in different planes demon-
strate that the focus of labeled leukocyte accumulation involves only the

WBCs. Because of its high sensitivity and negative predic-
tive value, three-phase bone scintigraphy is recommended
as the first imaging modality of choice in patients with low
pre-test probability of infection; in case of a positive three-
phase bone scan, the next radionuclide imaging modality is
either scintigraphy with autologous leukocytes or with
anti-granulocyte antibodies (with both planar and SPECT/

soft tissues, thus ruling out osteomyelitis (reproduced with permission
from: Prandini N, Beretta F. Nuclear medicine imaging of diabetic foot.
In: Lazzeri E, Signore A, Erba PA, Prandini N, Versari A, D’Errico G,
Mariani G, Eds. Radionuclide Imaging of Infection and Inflammation —
A Pictorial Case-Based Atlas. Milan: Springer; 2013:253-269)

CT acquisitions). When autologous leukocyte scintigraphy
(or anti-granulocyte antibody scintigraphy) turns out to be
negative, ['8F]JFDG PET/CT is generally the conclusive test
for infection versus non infection. On the other hand, PET/
CT with [®F]FDG is recommended as the first imaging
modality of choice especially in patients with high suspi-
cion of hematogenous spread of the infection.
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Fig. 24.41 Evaluation of a patient with suspected osteomyelitis of left
tibia, to rule out the presence of acute infection. Left panel: *™Tc-
HMPAO-WBC scintigraphy (planar image), showing mild accumulation
of labeled leukocytes in proximal and middle portion of diaphysis of left
tibia, suggesting the presence of inflammation without infection. Right
panel: scintigraphy with *™Tc-nanocolloidal albumin, showing uptake
at the same site of " Tc-HMPAO-WBC accumulation. The overall scin-
tigraphic pattern confirms the presence of normally functioning bone
marrow, thus ruling out the presence of acute infection (modified from:
Lazzeri E. Nuclear medicine imaging of bone and joint infection. In:
Lazzeri E, Signore A, Erba PA, Prandini N, Versari A, D’Errico G,
Mariani G, Eds. Radionuclide Imaging of Infection and Inflammation —
A Pictorial Case-Based Atlas. Milan: Springer; 2013:39-80)

24.9.2 Spondylodiscitis

Spinal infections include vertebral osteomyelitis (infection
of the vertebral body), discitis (infection of the interverte-
bral disk), and spondylodiscitis (SD) (infection of two
adjacent vertebral bodies and their intervertebral disk)
[110]. Incidence of SD in developed countries ranges from
4 to 24 per million per year [111], men being affected more
frequently than women and the most frequently affected
age being between 50 and 70 years. The most frequent site
of vertebral infection is the lumbar spine (45%) followed
by the dorsal (35%) and the cervical tract (20%) [111].

SD can be primary, i.e., when pathogens infect the spine by
hematogenous spread. Staphylococcus aureus is the most fre-
quently isolated pathogen (55-80% of cases), while 7-33% of
pyogenic SDs are caused by Enterobacteriaceae, mostly
Escherichia coli followed by Proteus spp. and Klebsiella spp.
Coagulase-negative staphylococci (CoNS) account for 5-16%
of cases, while brucellosis, a common zoonosis in endemic
areas (Mediterranean basin, Latin America, the Middle East,
parts of Africa, and Western Asia), can account for 21-48% of
spinal infections. In developed countries, between 9 and 46%
of SDs are due to tuberculosis (TB) infection.

Secondary SD is due to direct contamination of microor-
ganisms during surgical or interventional procedures. The
incidence of secondary SD varies according to the type of sur-
gical procedure, ranging from 1% to 7% of patients undergo-
ing surgery. Secondary SD is mainly caused by Staphylococcus
aureus, isolated in almost 50% of cases and CoNS. Gram-

negative bacteria may also cause postsurgical SD, the most
frequently isolated Gram-negatives including Escherichia
coli, Pseudomonas aeruginosa, Klebsiella pneumoniae,
Enterobacter cloacae, Bacteroides, and Proteus species.

The diagnosis of SD may be challenging due to the non-
specific clinical presentation and laboratory findings and to
the need of performing different diagnostic tests including
serologic, radiographic, and microbiological examinations.
Early diagnosis of SD, with the identification of the etiology
and description of location, extent, and severity of the infec-
tive process, is crucial to choose appropriate management.

Radiologic imaging is important to define the correct diag-
nosis as early as possible, to assist in the percutaneous biopsy
(if needed), for follow-up of the disease, and to evaluate pos-
sible complications. Plain X-ray imaging has low sensitivity
and specificity, even if it is usually the first imaging modality
requested when SD is suspected. The detection of signs and
abnormalities depends on their entity and can be seen only
when bone destruction exceeds 30-50% of cortical bone.
Erosion of the anterior corner of the vertebral endplate, pro-
gressive loss of disk height, narrowing of inter-vertebral space,
and osteolysis with further destruction of the subchondral
plate can be seen in case of advanced disease—associated
with soft tissue swelling and pre- or paravertebral soft tissue
densities, occasionally with fluid level. Erosions can involve
the entire vertebral endplate and signs of new bone formation
(including peripheral sclerosis, osteophytosis, and a buildup of
osteolytic lesions) can coexist. Reactive sclerosis may some-
times produce an “ivory” sign as the only evident change.

MRI has high diagnostic sensitivity, specificity, and accu-
racy (reported as 96%, 92%, and 94%, respectively) for SD
due to its high contrast resolution, direct multiplanar imaging
capability, and high sensitivity for soft tissue and bone mar-
row abnormalities. MRI is generally positive in the early
stages (first 2 weeks) after the onset of infection in >50% of
cases, when other radiologic imaging modalities are still nor-
mal; these features currently make MR the gold standard for
imaging of spinal infections.

The MRI examination should include the following
sequences:

e STIR or fat saturation T2-weigthed, which detect inflam-
matory edema with high sensitivity

e T1-weighted SE fat saturation pre- and post-administration
of i.v. contrast media, for evaluation of morphology and
vascularization of lesions.

Usually vertebral infection and inflammation cause
marrow edema, with ensuing signal reduction in
T1-weighted sequences and increase in T2-weighted
sequences, associated with contrast enhancement in
T1-weighted sequences after i.v. contrast. When erosion of
the vertebral endplates occurs, the hypointense band of
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cortical bone appears thinned or even absent. The MRI
pattern referred to as “Modic change” corresponds to
abnormal bone signals under the vertebral endplate sug-
gesting lesions of vertebral endplate as well as of the adja-
cent bone marrow in the vertebral body. Loss of the
internuclear cleft in T2-weighted sequences is an early
sign of discitis. If the infection involves all the vertebral
body and also the intervertebral disk and the nearby soft
tissues, T2-weighted sequences show a hyperintense sig-
nal and a moderate and adjacent tissue enhancement in the
T1-weighted sequences that can be seen post i.v. contrast
injection. Abscesses, seen as fluid collection, show hetero-
geneous signal in Tl-weighted sequences with ring-
enhancing thickened walls. Granulation tissue causes
diffuse enhancement throughout the mass.

The main limitations of MRI are related to overestimation
of the extent of infection (as some of the signal changes are
reactive) and to false-positive results (e.g., in presence of
severe degenerative disk disease and postsurgery—due to the
increased T2-weighted signal and contrast enhancement at
the surgery site). Since some MR changes may persist or
even worsen during treatment (even with clinical improve-
ment and negative lab tests), they may lead to unnecessary
surgery.

CT is readily available, easy to perform, and faster than
MRI and represents the best modality to detect bony abnor-
malities (such as minimal erosion of the endplates—before
they become visible on plain X-ray) and small vertebral foci
of infection as well as sequestration or pathological calcifi-
cation suggesting TB. In spine infection CT shows loss of
bone architecture with areas of transparency and soft tissue
replacement, endplate erosion, and collapse of the disk space
with abscess formation.

Furthermore, CT is currently used for guiding percutane-
ous needle biopsy and percutaneous drainage of abscesses.
Image quality may suffer from artifacts related to implants.
Image-guided biopsy of the infected tissue is indeed impor-
tant for diagnosing SD. Histopathological and microbiologi-
cal examinations of biopsy specimens can establish definite
diagnosis of SD and identify the causative pathogen. A CT or
fluoroscopy-guided biopsy is the first invasive diagnostic
step since it identifies the bacterial agent in up to 91% of
patients. Biopsy is the principal investigation in patients with
postoperative spondylodiscitis since in these patients, blood
cultures are frequently negative.

249.2.1 Radionuclide Imaging

of Spondylodiscitis

Scintigraphy with *"Tc-HMPAO-leukocytes has virtually
no role in the diagnosis of spondylodiscitis. In fact, both the
vertebral bodies and the intervertebral disks are spaces
enclosed in a virtually non-expandable structure; therefore,
all pathological events inducing local edema increase the

interstitial pressure and thus prevent efficient accumulation
of labeled leukocytes at the site of infection/inflammation
within the useful imaging time window. Based on the above
considerations, it follows that the available radiopharmaceu-
ticals to diagnose spine infection are: *"Tc-diphosphonates
(*"Tc-MDP/HDP), ¢Ga-citrate, and ["*F]JFDG. Each of
them has pros and cons.

Scintigraphy with **"Tc-MDP/HDP and/or ’Ga-citrate
Bone scintigraphy with *"Tc-MDP/HDP has a sensitivity of
81.4% and 40.7% specificity for diagnosing spine infection
(see example in Fig. 24.27). This imaging procedure has the
advantages of low cost, low radiation burden, and single-day
imaging procedure, whereas low specificity is its main limi-
tation [112].

"Ga-citrate scintigraphy has a sensitivity of 86.3% and
35.8% specificity. *™Tc-diphosphonate bone scintigraphy
combined with “’Ga-citrate can be used for increased diag-
nostic accuracy, particularly in case of postsurgical infec-
tions or to complement equivocal MRI findings in primary
infections [113-115].

Although Ga-citrate and *™Tc-MDP are widely avail-
able, the “’Ga-citrate scan is time-consuming (with image
acquisitions up to 48-72 h post-injection) and results in a
relatively high radiation burden to patients.

If the uptake of ®’Ga-citrate is higher than *"Tc-MDP/
HDP uptake, the vertebral lesion is most likely due to infec-
tion, whereas degenerative changes are most likely when
PmTc-diphosphonate uptake is higher [113]. The overall
accuracy of combined *"Tc-MDP/¥’Ga-citrate imaging
ranges between 65% and 80% [113, 114]. Nevertheless, it
should be considered that, except circumstances where the
use of other radionuclide imaging procedures is problematic,
the use of ’Ga-citrate has markedly declined both because of
a relatively high radiation dose and because of poor quality
images, linked to the suboptimal energies of the gamma
emission generated by “’Ga.

PET/CT with ['®FIFDG

The role of PET (currently used as hybrid PET/CT) with
["F]FDG for diagnosing spinal infection has been exten-
sively investigated. The degree of ['|F]FDG uptake is
related to the metabolic rate, therefore to the expression of
glucose transporters on the cell membrane [116]. Similarly
as in tumor cells, in activated inflammatory cells (such as
neutrophils, lymphocytes, monocytes, and macrophages),
both the number of glucose transporters and affinity of
these transporters for glucose (or its analog—deoxyglu-
cose) are enhanced [117-119]. These features explain the
very high sensitivity of PET (especially PET/CT) with
["F]FDG in diagnosing spine infections—which is how-
ever associated with relatively low specificity (see
Fig. 24.42).
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Fig. 24.42 PET/CT with ["*F]FDG in a patient with suspected lumbo-
sacral spondylodiscitis. The sagittal sections (CT, left; PET, middle;
fused PET/CT, right) of the lumbosacral skeleton show increased
uptake of [F]JFDG (SUV,,, 3.6) at the vertebral body of L5 with
involvement of the disk interposed between L5 and S1, confirming the

Ohtori et al. showed that a definitive diagnosis of spine
infection was achieved more often when ['*F]FDG was
utilized specifically in patients with spinal infections pre-
senting as Modic type 1 signal on MRI—a condition
where distinguishing between common Modic changes
and spine infection is challenging [120]. ['*F]FDG PET is
useful also in the evaluation of patients with metallic
implants, since this imaging modality is not affected by
artifacts.

[F]FDG PET/CT imaging has an important role espe-
cially for the evaluation of response to treatment in patients
with spine infections; it is therefore recommended to acquire
a scan in baseline conditions as the reference for a repeat
scan following (medical) therapy to assess disease activity

clinical
E. Nuclear medicine imaging of bone and joint infection. In: Lazzeri E,
Signore A, Erba PA, Prandini N, Versari A, D’Errico G, Mariani G,
Eds. Radionuclide Imaging of Infection and Inflammation — A Pictorial
Case-Based Atlas. Milan: Springer; 2013:39-80)

suspicion of spondylodiscitis (modified from: Lazzeri

[121-123]. After reporting their experience demonstrating
86% sensitivity and 95% specificity for assessing disease
activity, Hungenbach et al. have proposed some interpreta-
tion criteria based on the ['*F]FDG uptake patterns, classi-
fied into different scores (from O to 4) related to different
states of spine infection [124]:

e Score 0: normal findings and physiological [*F]FDG dis-
tribution (consistent with no infection)

e Score 1: slightly enhanced uptake in the inter- or paraver-
tebral region (consistent with no infection)

e Score 2: clearly enhanced uptake with a linear or disci-
form pattern in the intervertebral space (consistent with
discitis)
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e Score 3: clearly enhanced uptake with a linear or disci-
form pattern in the intervertebral space and involvement
of ground or cover plate or both plates of the adjacent
vertebrae (consistent with spondylodiscitis)

e Score 4: clearly enhanced uptake with a linear or disci-
form pattern in the intervertebral space and involvement
of ground or cover plate or both plates of the adjacent
vertebrae + surrounding soft tissue abscess (consistent
with spondylodiscitis)

Alternative interpretation criteria proposed by Riccio et al.
state that ['*F]FDG uptake in bone or soft tissue is consistent
with active infection, while uptake confined to the edges of a
destroyed disk, after antibiotic therapy of pyogenic spine infec-
tion, must not be considered indicative of persistent infection
and likely represents mechanically induced inflammation. On
the other hand, semiquantitative analysis could not reliably dis-
tinguish patients with active infection from those without active
infection and those who had had a successful response to ther-
apy [125]. Whereas, according to some authors, SUV,,, reflects
the activity of infectious spondylitis, although this conclusion
is based on limited observations [126].

The findings at ["*F]JFDG PET/CT have been reported to
complement the MRI findings for distinguishing pyogenic
from tuberculous spondylitis [126]. It should also be noted
that the combination of MRI with ['®F]JFDG PET/CT results in
detection of spinal infection in 100% of patients [127-129].

On the other hand, it has consistently been shown that
[®FIFDG PET/CT is superior to “’Ga-citrate scintigraphy
for detecting spinal infection and paraspinal soft tissue
infection and could be used in selected cases as an alterna-
tive to MRI.

In summary, the advantages of ['*F]JFDG PET/CT are a
very high negative predictive value, high-quality imaging,
and short time for completing the acquisition. Limitations of
['8F]JFDG PET/CT are its relatively low specificity (ranging
from 35.8% to 87.9%) and its relative inability to distinguish
infection from neoplastic lesions or pronounced degenera-
tive vertebral disease [130].

24.9.3 Infection/Inflammation of Prosthetic
Joint Implants

Arthroplasty has revolutionized treatment of patients with
advanced degenerative joint disease, especially of the hip
and knee. The introduction of modular prostheses made of
metal (cobalt, chrome, or titanium), plastic, or ceramic has
made it possible to adapt the prosthetic implant to the indi-
vidual patient’s needs. These components can be assembled
on bone tissue with different techniques: cemented prosthe-
ses are fixed with polymethylmethacrylate, while non-
cemented prostheses use a porous surface between the
prosthesis itself and adjacent bone tissue. The prosthesis can

be also fixed by applying a hydroxyapatite-based compound
to the prosthetic surface, on which new bone tissue is formed.
Acetabular components can be placed under pressure within
the acetabulum and, if necessary, further assured with ortho-
pedic nails.

Clinical outcomes of these procedures in terms of pain
relief and restoration of function are usually very satisfac-
tory. However, complications may arise due to detachments,
dislocations, fractures, infections, and/or heterotopic ossifi-
cation. These conditions must be diagnosed and adequately
treated. About 10 years post-implant, 50% of the prostheses
show clear radiographic signs of mobilization, and about
30% must be reimplanted/replaced. Aseptic mobilization is
often due to an immune/inflammatory reaction that causes
the formation of a pseudomembrane similar to synovium
(constituted mainly by giant cells), which is located between
the prosthesis and bone; lymphocytes and plasma cells are
present in 25% of cases and neutrophils in <10%. Material
(debris) produced from fragmentation of the prosthetic com-
ponents attracts and activates tissue phagocytes which, how-
ever, cannot destroy with their lithic enzymes this material,
this process results in the secretion of inflammatory cyto-
kines and proteolytic enzymes (which damage the surround-
ing bone tissue and cartilage), in turn resulting in the
activation of immune cells, osteolysis, and mobilization of
the prosthesis.

The incidence of prosthetic joint infection (PJI) of pri-
mary implants is approximately 2%, increasing to 20% after
revision surgery [131-134]. Once microorganisms reach the
prosthetic region, they can attach to the biomaterials and
within 2 days form a biofilm on the implants, which makes
them hard to detect and to eradicate. Furthermore, osteolysis
induced by the inflammatory cells results in loosening of the
prosthesis, which can become painful. Due to the often low-
grade nature of the infection, it is very difficult to establish
whether there is a septic or aseptic loosening [133, 134].

The onset of symptoms after implantation can be classi-
fied as early, delayed, or late infection. Early infection
(<3 months) is predominantly acquired during implant sur-
gery (or over the following 2—4 days) and is caused by highly
virulent organisms (e.g., Staphylococcus aureus or Gram-
negative bacilli). Delayed or low-grade infection is predomi-
nantly acquired during implant surgery and caused by less
virulent organisms (3—24 months) (e.g., coagulase-negative
staphylococci or Propionibacterium acnes). Late infection
(>24 months) is predominantly caused by hematogenous
seeding from remote infections [135]. The inflammatory
reaction induced by infection is similar to aseptic mobiliza-
tion, except for a fundamental feature: neutrophils are invari-
ably present. The main inflammation indices (ESR and PCR)
can be altered both during aseptic mobilization and during
infection.

Management of patients with aseptic loosening differs
from that of patients with prosthetic infection. In fact, while in
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case of aseptic loosening direct replacement of the prosthesis
with a new one might be directly performed, in case of infec-
tion dual-time surgery is required, consisting of removal of the
prosthesis followed by antibiotic therapy and/or antibiotic-
loaded spacer and subsequent implant of new prosthesis.

24.9.4 Non-radionuclide Imaging
for Infection/Inflammation
of Prosthetic Joint Implants

X-ray constitutes the first-line diagnostic approach in case of
suspected PJI, even if it is well known that plain radiography
may be negative up to 4 weeks after onset of infection and
does not allow early diagnosis. At later stages, X-ray may
show loosening signs, such as the presence of a radiolucent
area around the prosthesis. Other signs such as erosions,
periosteal reaction, and soft tissue swelling can be seen in
case of PJI. One advantage of plain X-ray is that image qual-
ity is not affected by the presence of metallic implants.
Ultrasonography can be effectively used to detect the
presence of periprosthetic fluid collections and to track the
presence of sinus tracts within soft tissues. The main advan-
tages of ultrasonography are its wide availability, low cost,
and the possibility of being performed at bedside. It can also
be repeated whenever needed. Furthermore, it can be used to
guide interventional procedures, such as needle aspiration.
CT imaging can be used to evaluate bone abnormalities and
loosening of the prosthesis, although the presence of implant-
related striking artifacts constitutes an important limitation.
Nonetheless, recent technical developments, such as specific
algorithms for artifact reduction, partly overcome these limita-
tions. Other limitations of CT imaging are represented by sub-
optimal evaluation of periprosthetic soft tissues and by the
relatively high ionizing radiation burden to patients.
Prosthetic implants do not constitute an absolute contra-
indication to MRI. In fact, specific MR sequences (metal
artifact reduction sequences, MARS) have been developed
to overcome these problems. Among the various sequences,
turbo spin-echo and short tau inversion recovery sequences
appear to be affected by minor artifacts than gradient-echo-
based sequences. MRI is excellent for evaluating involve-
ment of the skin, subcutaneous or deep soft tissues adjacent
to the prosthesis, as well as the presence of a fistula and soft
tissue edema. MRI is also helpful in characterizing the
nature of a collection as serous, purulent, or hematic.

24.9.5 Radionuclide Imaging for Infection/
Inflammation of Prosthetic Joint
Implants

In patients with low probability of PJI, the radionuclide
imaging procedure of choice is a dynamic three-phase bone

scintigraphy with ***Tc-diphosphonates. The specificity of
bone scintigraphy in hip prosthesis infection ranges from
50% to 70%, and it is related to the time elapsed after the
implant. The *"Tc-diphosphonate late phase findings alone
cannot distinguish between aseptic loosening and infection.
In fact, periprosthetic increased tracer uptake reflects
increased bone turnover, which can occur in both condi-
tions—infection and inflammation. When bone scintigra-
phy fails to visualize enhanced periprosthetic bone
metabolism, it is very unlikely that the patient’s symptoms
are caused by the implant (i.e., the scan has a very high
negative predictive value). In these cases, referred pain
from other regions of the body might be the cause of the
problem, which in some cases can be diagnosed at bone
scintigraphy (e.g., degenerative disease of the spine leading
to pain projecting to the hip in patients).

When increased uptake of °™Tc-diphosphonates is
observed near or around the prosthetic implant, differential
diagnoses must be considered. In particular, physiologic
bone remodeling may occur up to at least 1 year after implan-
tation; this implies that bone scintigraphy performed within
such time window has a high yield of false-positive results,
therefore resulting in quite difficult interpretation. Loosening
of the metallic implants is scintigraphically characterized by
increased uptake at the bone/metal interface. Inflammation
(not necessarily caused by infection) is defined as very likely
when increased tracer accumulation is observed in all three
phases of a three-phase bone scintigraphy.

In addition, the presence and pattern of uptake around a
prosthetic implant vary depending on the time elapsed since
implantation surgery. In the case of cemented implants, most
asymptomatic patients have a normal bone scan pattern
1 year after the implant. However, up to 10% of patients
shows persistently increased uptake even in the absence of
complications. For non-cemented prostheses, nonspecific
increased uptake persists for even longer periods. In patients
with knee prosthesis, increased tracer uptake may be
observed for more than 1 year after the implant (in 63% of
cases for the femoral component, in 89% for the tibial
component).

Most of the prosthetic infections occur within the first year
after the implant (i.e., when bone scintigraphy is mostly
affected by the limitations described above), only the pres-
ence of a normal pattern can provide useful information (i.e.,
to exclude the presence of infection and/or inflammation). It
follows that the overall accuracy of bone scintigraphy for
diagnosing prosthetic joint infection is suboptimal—at
50-70%. In particular, while a negative three-phase bone
scintigraphy can reasonably rule out prosthetic infection, a
positive bone scintigraphy is generally not sufficiently spe-
cific to diagnose prosthetic infection. In this case scintigraphy
with radiolabeled autologous leukocytes is required to distin-
guish between aseptic prosthetic loosening and PJI (see
Figs. 24.43 and 24.44).
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Fig. 24.43 *"Tc-HMPAO-
WBC scintigraphy performed
in a patient with bilateral total
hip prosthesis and persisting
pain associated with
functional impairment of right
hip. The planar images
acquired at 3 and 20 h
post-injection (upper panel)
show accumulation of labeled
leukocytes in soft tissues
around the right hip. The
fused SPECT/CT images
shown in lower panel (axial,
left; sagittal, middle; coronal,
right) demonstrate that the
infection of soft tissues of the
hip is in continuity with the
prosthesis, consistent with an
abscess (modified from:
Prandini N, Caruso

G. Nuclear medicine imaging
of joint prosthesis infection.
In: Lazzeri E, Signore A, Erba
PA, Prandini N, Versari A,
D’Errico G, Mariani G, Eds.
Radionuclide Imaging of
Infection and Inflammation —
A Pictorial Case-Based Atlas.
Milan: Springer;
2013:81-106)

Fig.24.44 Bone
scintigraphy in a patient
previously submitted to right
hip prosthesis. Broken screw
and enhanced tracer uptake in
the upper acetabulum indicate
loosening of a cup of the
endoprosthesis as visualized
on fused SPECT/CT image
(left panel) and on low-dose
CT image (right panel)

In hip prosthesis, extraarticular calcifications may also
be found. Their removal only makes sense when they are no
longer metabolically active. In loosened knee prosthesis,
large resorptive cysts that are not hypometabolic and are
easily identifiable on CT may produce false-positive results.
When lumbar implants do not stabilize the joint, spondylo-
sis and facet’s arthritis may progress in the instrumented
region. Furthermore, spinal degeneration occurring below

or above the instrumented region can be the cause of ongo-
ing pain and is recognized on scintigraphic imaging, prefer-
ably performed with SPECT/CT, especially because in
patients treated with metallic implants planar imaging and
even stand-alone SPECT imaging cannot reliably localize
the anatomic sites of abnormalities observed on the scan.
On the other hand, the changing pattern of tracer uptake
in the case of knee prosthesis differs somewhat from hip
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Fig. 24.45 Scintigraphic 5
evaluation of a patient submitted

1 year earlier to total left knee
prosthesis, presenting with pain of
left knee, edema, and local signs of
inflammation. Upper panel: “blood
pool” phase (left) and delayed 3-h
(right) acquisitions from three-
phase bone scintigraphy with
9mTc-MDP, indicating the presence
of edema and active bone
remodeling. These findings are
consistent with ongoing
inflammation, but not conclusive as
to the presence of infection. Middle
panel: 3- and 20-h acquisitions (left
and right, respectively) during
#mTc-HMPAO-WBC scintigraphy,
showing accumulation of labeled
leukocytes at the left knee. Bottom
panel: fused transaxial (left),
sagittal (center), and coronal (right)
SPECT/CT images acquired during
showing involvement *™Tc-
HMPAO-WBC scintigraphy,
showing bone involvement of the
lateral compartment of left knee, of
the lateral portion of the tibial
plateau, of the lateral femoral
condyle, and also in the
infrapatellar bursae (modified from:
Prandini N, Caruso G. Nuclear
medicine imaging of joint
prosthesis infection. In: Lazzeri E,
Signore A, Erba PA, Prandini N,
Versari A, D’Errico G, Mariani G,
Eds. Radionuclide Imaging of
Infection and Inflammation — A
Pictorial Case-Based Atlas. Milan:
Springer; 2013:81-106)

prosthesis, as increased uptake of °’"Tc-diphosphonates
reflecting bone remodeling can persist much longer than in
patients with hip prosthesis—up to several years. Therefore,
dynamic three-phase bone scintigraphy is less useful in these
patients than in patients with hip prosthesis [136]. In case of
clinical high probability of periprosthetic knee infection
(Fig. 24.45) or in the evaluation of response to treatment
(antibiotic therapy), scintigraphy with labeled autologous
leukocytes constitutes the radionuclide imaging procedure of

P.A.Erbaetal.

choice [100]. SPECT/CT acquisition and the use of correct
interpretation criteria allow the differential diagnosis
between infective and inflammatory periprosthetic pro-
cesses. In case of doubtful/equivocal findings at labeled leu-
kocyte scintigraphy, bone marrow scintigraphy can usefully
be added to achieve the correct diagnosis [100], based on the
rationale that, while both labeled leukocytes and radiocol-
loids accumulate in the healthy bone marrow, only labeled
leukocytes accumulate in infection.
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Fig.24.46 Patient with right hip arthroplasty, presenting with pain and
fistula around the right hip. (a) X-rays show radiolucent lines around
the shaft of the prosthesis consistent with hip loosening. (b) ["*FIFDG
PET (coronal sections at two different levels) shows irregularly
increased tracer uptake around both components (acetabulum and
femur) of the total hip arthroplasty, in continuity with the fistula in lat-
eral side of the hip. Enhanced tracer uptake can also be seen in the right

Radiolabeled anti-granulocyte monoclonal antibody prepa-
rations can also be used if periprosthetic OM is suspected, with
the same imaging acquisition modes as described above for
peripheral OM. This imaging approach has 85% sensitivity and
83% specificity for the diagnosis of PJI [102—104]. The combi-
nation with bone marrow scintigraphy appears to increase spec-
ificity of scintigraphy with labeled anti-granulocyte antibody
agents [137].

Controversial results have been reported on the diagnostic
accuracy of [®F]JFDG PET/CT for diagnosing PJI
(Fig. 24.46), and its utility is still debated [107, 138]. In par-
ticular, while a negative PET/CT scan can certainly rule out
the presence of PJI (because of its very high negative predic-
tive value), a positive scan does not permit to distinguish
with certainty between infection and inflammation [139].

Key Learning Points
» Different radiopharmaceuticals can be used in the
diagnostic flowchart of infection and/or inflamma-

tion of peripheral bones, including *™Tc-
diphosponates, labeled autologous leukocytes,
anti-granulocytes  antibodies, [®F]JFDG, and

’Ga-citrate.
* A negative bone scan is sufficient to exclude pres-
ence of inflammation associated with infection.

inguinal lymph nodes, consistent with infection diagnosis of right hip
prosthesis (modified from: Prandini N, Caruso G. Nuclear medicine
imaging of joint prosthesis infection. In: Lazzeri E, Signore A, Erba PA,
Prandini N, Versari A, D’Errico G, Mariani G, Eds. Radionuclide
Imaging of Infection and Inflammation — A Pictorial Case-Based Atlas.
Milan: Springer; 2013:81-106)

e Scintigraphy with labeled leukocytes or radiola-
beled anti-granulocyte antibodies is useful to
exclude or prove the presence of infection.

e Spinal infections include vertebral osteomyelitis
(infection of the vertebral body), discitis (infection
of the intervertebral disk) and spondylodiscitis (SD)
(infection of two adjacent vertebral bodies and their
intervertebral disk).

* Unlike osteomyelitis at other sites, diagnostic imag-
ing of spine infection relies mostly on MR and PET/
CT with [*F]FDG.

e Radionuclide imaging for suspected infection/
inflammation of prostetic joint implants is based on
specific protocols to discriminate aseptic loosening
from infection.

The European Association of Nuclear Medicine (EANM),
the European Society of Radiology (ESR), the European
Bone and Joint Infection Society (EBJIS), and the European
Society of Microbiology and Infectious Diseases (ESCMID)
have recently released a Consensus Document for the diag-
nosis of prosthetic joint infections (see below under “Further
reading”). According to their conclusions concerning radio-
nuclide imaging, the time elapsed since prosthesis implant
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and the beginning of symptoms suggesting prosthetic joint
infection is the first discriminant for the choice of the initial
imaging modality. In particular, due to continuing bone
remodeling for the majority of the implant sites, more than
two years (but up to five years for knee prosthetic implants)
must elapse for either three-phase bone scintigraphy or PET/
CT with ["®F]FDG to have a high negative predictive value
for infection and/or inflammation — thus to rule out the diag-
nosis of infection. In case either of these two imaging modal-
ity turns out to be positive, the clinical presentation must be
carefully considered to stratify patients with regard to the
suspicion of either acute or chronic infection. When acute
infection is suspected, the first imaging modality of choice is
labeled autologous WBC scintigraphy, the use of labeled
anti-granulocyte scintigraphy remaining the second choice.
When instead chronic infection is suspected, anti-granulo-
cyte antibody scintigraphy is the first imaging modality of
choice, autologous WBC scintigraphy remaining the second
choice. If instead the clinical suspicion of infection arises
within two years after prosthetic joint implant, the first imag-
ing modality of choice is scintigraphy with autologous
WBCs, possibly combined with bone marrow scintigraphy;
nonetheless, the use of ["*F]JFDG PET/CT can also be con-
sidered — keeping in mind however its low specificity associ-
ated with possible false-positive findings due to inflammation
in the case of aseptic loosening and/or recent surgery.

24.10 Paget’s Disease of the Bone

Paget’s disease of the bone is a focal, progressive alteration
of the remodeling processes of the bone, described in 1876
by James Paget. It is characterized initially by excessive
bone resorption, followed by a secondary increase of osteo-
blast activity with bone reconstitution. The fundamental his-
tological lesion is an excessive amount of fibrotic connective
tissue inside the medullary space, with hyper-vasculariza-
tion. The prevalence of Paget’s disease is 1.5-3% in subjects
over the age of 60 years, more common in men than in
women (with a 1.8:1 ratio). Although the etiology of Paget’s
disease is unknown, it is believed that there is some interac-
tion between genetic factors and environmental factors (viral
infections) at the basis of the disease. A family history is
present in about 15% of patients, with a higher risk than in
the general population to develop the disease in the first-
degree relatives. Typically, three phases of disease are
described: lytic, mixed, and sclerotic phases. The initial lytic
phase is characterized by geographic map osteolysis with
advancing sharp edge bone resorption. In the long bones, the
disease starts in the metaphyseal region and extends to the
diaphyseal region with the appearance described as resem-
bling a “blade of grass” or “flame-shaped.” In the skull, the
initial lytic phase is often referred to as “osteoporosis cir-
cumscripta.”” The intermediate phase is a mixed lytic-

sclerotic phase. In this phase the margins of resorption might
further expand; coarse trabeculae and thickened cortical
bones with a cotton wool appearance are hallmarks of the
latter stage.

Paget’s disease is generally asymptomatic, so often the
disease is detected incidentally during radiologic imaging
performed for unrelated reasons or because of blood chemis-
try tests revealing increased alkaline phosphatase values. In
the clinically manifest cases, pain or onset of bone deformity
are the most frequent manifestations. Pain is due to the
increased bone remodeling that characterizes the disease or,
more frequently, by indirect complications of the disease
such as degenerative osteoarthritis, nerve compression, or
osteosarcoma.

Other causes of pain include increased vascularization,
periosteum distortion caused by disorganized bone structure
during remodeling, and the consequences of microtraumatic
stress to which the bone is most exposed. Bone hypertrophy
in the subchondral region can cause osteoarthritis, and this
phenomenon can make the differential diagnosis between
articular pain caused by Paget’s disease and pain caused by a
flogistic degenerative osteoarticular process very difficult.

Diagnosis of Paget’s disease is often radiological, and the
pathognomonic aspect is bone deformation; other radiologi-
cal patterns include thickening of cortical bone and the pres-
ence of areas of osteolysis with alternating areas of
osteosclerosis. Lytic lesions are clearly evident in the initial
phase and occur as focal lesions (restricted osteoporosis) or
appear as a “flame” on plain X-ray. In the later stages, areas
of sclerosis appear and lithic and sclerotic lesions coexist.
Although plain X-rays may allow a correct diagnosis, it may
sometimes be difficult to distinguish between pagetic lesions
and other skeletal lesions, such as metastases—either lytic or
sclerotic.

Bone scintigraphy is the most sensitive imaging proce-
dure for identifying Paget’s disease, and it is mainly indi-
cated in the initial diagnostic workup of patients affected by
this condition. In fact, bone scintigraphy is crucial to define
overall distribution of the disease, to identify the affected
bone segments and the possible development of bone com-
plications. The most affected bone segments belong to the
axial skeleton: pelvis (65%), spine (42%), femur (37%), tibia
(37%), sacrum (30%), and skull (29%). The humerus (13%),
clavicle (5%), and forearm (5%) are less frequently affected.
The disease may be monostotic (when only one bone seg-
ment is involved) or polyostotic (when more bone segments
are affected), in a continuum spectrum, with 65% probability
of identifying new disease localizations during follow-up. To
assist in the diagnosis of Paget’s disease, relatively specific
signs have been described on both X-rays and bone scintig-
raphy [140]. On bone scintigraphy, the “picture frame sign”
represents cortical thickening associated with radiolucent
center of an enlarged, flattened vertebra body. The “Ivory
sign” is typical of the sclerotic phase and is characterized by
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enlarged and homogenously dense vertebra body. The
“Mickey Mouse” sign describes the specific increased uptake
in the vertebral body, posterior elements, and its spinous pro-
cess. This same sign has been reported under different names
such as the “T-sign” or “champagne glass™ sign [141].

Bone scintigraphy can be also used for assessing possible
complications of Paget’s disease, for instance, in the case of
fractures, which are frequently complicated by nonunion.
Insufficiency fractures are usually seen in the cortex of
abnormally bowed long bones and have been defined as
“banana fracture” [142]. The altered biomechanics of the
affected joints can lead to cartilaginous and bone abnormali-
ties resulting in osteoarthritis.

Malignant transformation of bone affected by Paget’s
disease can occur, most commonly in patients with wide-
spread osseous involvement, however with an incidence
<1% [143]; sarcomatous Paget transformation may occur
simultaneously at different sites. This condition has a very
poor prognosis, yet it is difficult to diagnose, because sev-
eral reports noted unexpectedly low ["®F]FDG uptake in
these tumors [144]. Other rarer tumors possibly complicat-
ing Paget’s disease are fibrosarcoma, chondrosarcoma,
malignant fibrous histiocytoma, and even giant cell tumor
[145].

Figure 24.47 shows some examples of %™Tc-
diphosphonate bone scans observed in case of mono- and
polyostotic Paget’s disease.

The most common conditions that are considered in the
differential diagnosis with Paget’s disease are metastasis
and fibrous dysplasia. Paget’s disease and fibrous dysplasia
are frequently difficult to distinguish on the basis of the
bone scan, because both lesions may have intense tracer
uptake. However, clinical data and other radiologic tech-
niques can contribute to the correct diagnosis; in particular,
young age, bowing deformities and ground-glass appear-
ance are more typical of fibrous dysplasia. When the head is
involved, fibrous dysplasia tends to spare the skull, while
Paget’s disease often involves skull bones. Furthermore,
MRI and ['®F]FDG PET/CT can help distinguish metastatic
disease from Paget’s disease. In the lytic phase of Paget’s
lesion, the fatty marrow signal is preserved on MR imaging
because the destruction of bone is due to resorption and not
to infiltration as in metastatic disease [146]. However, in the
sclerotic phase, this MRI feature cannot help the differential
diagnosis, because the signal would be low in all sequences.
["*F]FDG PET/CT has some additional value in this differ-
ential diagnosis, since pagetic lesions are often non-['8F]
FDG-avid (or mildly avid when the alkaline phosphatase is
markedly elevated), while metastases are usually hypermet-
abolic [147].

Paget’s disease represents a pitfall also when using new
PET tracers, such as %Ga-PSMA ligand [148] and labeled
choline [149], radiopharmaceuticals that are commonly used
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in patients with recurrent and/or metastatic prostate cancer.
Several reports describe nonspecific uptake of these two trac-
ers in Paget’s disease. '8F-fluoride PET/CT has been used to
quantify bone turnover in Paget’s disease, particularly for
assessing response to treatment with bisphosphonates [150];
however, this technique is not used routinely in clinical
practice.

Key Learning Points

e Bone scintigraphy is the most sensitive imaging
procedure for identifying Paget’s disease, and it is
mainly indicated in the initial diagnostic workup of
patients affected by this condition.

* Bone scintigraphy is useful also to detect possible
transformation of pagetic lesions into a malignant
condition.

24.11 Treatment of Skeletal Metastases
with Bone-Seeking
Radiopharmaceuticals

24.11.1 Generalities on Metastatic

Disease to the Skeleton

Skeletal metastases constitute one of the most feared events
in patients with cancer, not only because they generally
indicate advanced disease but also because they translate
into markedly reduced quality of life [151]. Some of the
cancers that more frequently give rise to skeletal metastases
are also those with the highest incidence (e.g., prostate,
breast, and lung cancers), whereas other less frequent can-
cers do exhibit a certain propensity to metastasize to the
skeleton (e.g., thyroid and bladder cancers or melanoma and
myeloma) [152].

Except rare instances where tumors directly infiltrate
adjacent bony structures (e.g., in case of an intrapelvic cancer
infiltrating the sacrum), most of the skeletal metastases arise
because tumor cells circulating in the blood home into the
bone marrow. Therefore, skeletal segments that are more fre-
quently involved by metastasis are those with a more impor-
tant component of active bone marrow—that receive a higher
fraction of blood flow, such as the axial skeleton (from the
skull to pelvis) and the proximal portions of the humeri and
femora [153].

The most frequent complications of skeletal metastases
are bone pain (initially of moderate intensity—but then pro-
ceeding to excruciating pain), pathologic bone fractures, and
spinal cord compression. The combined effects of these
events result in loss of mobility, while the most important
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Fig. 24.47 Different patterns observed at *"Tc-HDP scintigraphy in
patients with Paget’s disease of the bone; planar whole-body scans in
the anterior and posterior views are depicted for each patient. (a)
Predominant involvement of the skull. (b) Polyostotic disease involving
the left humerus and two nonadjacent vertebral bodies with the typical
“Mickey Mouse” appearance. (¢) Monostotic disease affecting the right

biochemical derangement associated with skeletal metasta-
sis is hypercalcemia and bone marrow aplasia.

Bone pain is due to the combined effects of several fac-
tors, some of which are related to anatomic changes caused
by the growth of a tumor mass within the bone marrow caus-

AR

tibia. (d) Monostotic disease involving a lumbar vertebral body. (e)
Polyostotic disease involving the entire right pelvis and the lumbosacral
passage. (f) Polyostotic disease involving a thoracic vertebral body, the
left pelvis, and the proximal left tibia (reproduced with permission
from: Volterrani D, Erba PA, Mariani G, Eds. Fondamenti di Medicina
Nucleare — Tecniche e Applicazioni. Milan: Springer Italy; 2010)

ing expansion and increased intramedullary pressure, perios-
teal stress, or compression of nerves. Nonetheless, the most
important determinants of bone pain appear to be chemical
mediators, such as prostaglandins, interleukins, and other
cytokines inducing inflammation (with recruitment of
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inflammatory cells) and stimulation of sensory nerve end-
ings [154].

Treatment of skeletal metastasis per se is based on a
multifaceted approach that includes effective antitumor
regimens (chemotherapy, hormonal therapy when appropri-
ate, other newer forms of therapy), local treatments (exter-
nal beam radiation therapy and/or surgery in case of highly
localized disease or of impending fracture in weight-bear-
ing segments), and different systemic therapies including
pain-killing medications, bisphosphonates, and radiola-
beled agents. The latter category includes both specific
tumor-targeting agents (e.g., *'I-iodide in case of metasta-
ses from differentiated iodine-avid thyroid cancers,
BIL-MIBG, or °Y/'Lu-DOTA-somatostatin analogs in
case of metastases from neuroendocrine tumors) and, more
commonly, bone-seeking radiopharmaceuticals that local-
ize at sites of enhanced turnover of the mineral component
of the bone.

24.11.2  Pathophysiologic Bases for
the Use of Bone-Seeking

Radiopharmaceuticals

Bone-seeking radiopharmaceuticals used for treatment of
bone pain localize at the site(s) of skeletal metastasis based
on mechanisms that are similar to those taking place when
diagnostic radiopharmaceuticals are used for bone scintigra-
phy, i.e., *"Tc-diphosphonates for conventional gamma
camera imaging or '®F-fluoride for PET imaging. In particu-
lar, the intensity of uptake of these agents is directly corre-
lated with the degree of osteoblastic reaction to osteolysis
induced by the growth of cancer cells in bone. Therefore, a
more favorable outcome regarding bone pain palliation can
be predicted for those painful skeletal sites that exhibit more
intense uptake of the diagnostic agent when performing bone
scintigraphy as a preliminary to treatment with the therapeu-
tic radiopharmaceutical (see Fig. 24.48).

Fig. 24.48 Conventional gamma camera bone scintigraphy obtained
about 3 h post-administration of **Tc-MDP in two patients with painful
bone metastases who were subsequently treated with '**Sm-EDTMP (which
ensued palliation of bone pain). The areas highlighted with pink color are
the metastatic sites that are also the site of bone pain. Both these patients are
good candidates for therapy with bone-seeking radiopharmaceuticals, since
the painful areas correspond to metastatic sites with avid uptake of *™Tc-

MDP. Case in left panel is a 67-year-old patient already treated with surgery
and adjuvant chemotherapy because of non-small cell lung cancer. Case in
right panel is a 72-year-old man already treated for prostatic adenocarci-
noma, currently resistant to hormonal therapy and with progressing meta-
static skeletal disease during chemotherapy (reproduced with permission
from: Volterrani D, Erba PA, Mariani G, Eds. Fondamenti di Medicina
Nucleare — Tecniche e Applicazioni. Milan: Springer Italy; 2010)
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The clinical benefits of external beam radiation therapy in
patients with skeletal metastases have long been known in
terms of both bone pain palliation and accelerated healing of
pathologic fractures [155, 156]. In this form of therapy, ion-
izing radiation is delivered to the metastatic site as a whole
volume, including both the mineral component of the bone
and the bone marrow space, where metastatic tumor cells
colonize and grow. Therefore, the efficacy of treatment is
linked, among other factors, to an important antitumor effect
of radiation which leads to reduced local production of the
inflammatory/algogenic compounds released in the presence
of tumor cells, such as prostaglandins, interleukins, and
other cytokines.

The mechanism of bone pain palliation induced by bone-
seeking radiopharmaceuticals is somewhat similar to that fol-
lowing external beam radiation therapy regarding the local
production of inflammatory/algogenic compounds [157];
instead, the mode of energy release by ionizing radiation fol-
lowing administration of therapeutic bone-seeking radiophar-
maceuticals is somewhat different from external beam
radiation therapy regarding both the distribution of energy in
the target lesion and time-related release of energy. Bone-
seeking radiopharmaceuticals localize at the surface of the
trabecular bone (the osteoid layer surface) undergoing active
remodeling, and the ionizing particles emitted during their
decay travel a certain distance depending on their physical
properties; in particular, f~ particles travel in water/tissue lon-
ger distances than o** particles (2-8 mm depending on maxi-
mum energy versus 0.1 mm, respectively); therefore their
linear energy transfer (LET) is lower than that of o** particles.
Since electrically charged particles are emitted and travel in a
3D space (see Fig. 24.49), part of their energy is absorbed by
the trabecular structure of the bone, while a certain fraction of
the energy is absorbed by cells in the intertrabecular space,
i.e., the bone marrow—which includes the normal hemato-
poietic cells, the tumor cells, and the inflammatory cells.
These events translate into some radiobiological effects not
only on the mineral component but also on the cellular com-
ponent of the affected bone, thus exerting some antitumor
activity and at the same time some myelotoxicity—which is
indeed the main dose-limiting factor for therapy with bone-
seeking radiopharmaceuticals emitting - particles. Instead,
the much shorter tissue penetration of the o+ particles emit-
ted by ?*Ra (the only o-emitting radionuclide currently
approved for treatment of skeletal metastases) limits bone
marrow toxicity following treatment with this agent.

Concerning time-related issues of therapy with bone-
seeking radiopharmaceuticals versus external beam radiation
therapy, it must be considered that the latter is administered
typically as treatments with high-dose rate (either with the
conventional multiple fraction protocols or with the more
recent hypofractionated protocols), whereas therapy with
bone-seeking radiopharmaceuticals is characterized by
release of ionizing energy over an extended period, therefore
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Fig. 24.49 Simulation of the tracks in water of - particles emitted by
a point source of *'I (full-energy spectrum); simulation has been per-
formed for only 100 particles, a number too limited to show the whole
spectrum of possibilities (including the maximum range, which is
reached only by an extremely small fraction of the particles emitted).
Due to interactions with surrounding matter, the - particles deviate
repeatedly from their initial direction. Most of the energy (about 90%)
associated with the emissions is deposited within about 20% of the
maximum path range reported for each radionuclide. The maximum
energy of the f~ particles emitted by “'T (0.606 MeV) is somewhat
intermediate between those of the (~ particles emitted by %Sr
(0.585 MeV) and by 2P (0.696 MeV), respectively, used for treatment
of painful skeletal metastases (image provided by courtesy of Prof.
Alberto Del Guerra, Department of Physics “E. Fermi,” University of
Pisa and National Institute of Nuclear Physics (INFN), Pisa Section,
Pisa (Italy))

with dose rates that vary according to physical decay of the
radionuclide and are in general lower than those involved in
external beam radiation therapy.

24.11.3 Bone-Seeking

Radiopharmaceuticals for Therapy

According to the main localization mechanism, bone-seeking
radiopharmaceuticals used for therapy can be classified into
(1) those that localize at sites of enhanced bone mineral turn-
over because of their affinity/chemisorption onto the newly
formed hydroxyapatite crystals and (2) those that localize at
sites of enhanced bone mineral turnover because they behave
in vivo as chemical analogs of calcium. As described in
details in Chap. 4, the first group includes emitters of f~ par-
ticles such as bisphosphonates labeled with different radio-
nuclides, most notably '3Sm-EDTMP and '**Re-HEDP or
188Re-HEDP (and more recently '”’Lu-EDTMP). The second
group includes %Sr-chloride (a p~ emitter) and
22Ra-dichloride (an o emitter). On the other hand,
32P-phosphate (a p~ emitter still used clinically in some low-
income countries because of low cost—despite a non-negli-
gible bone marrow toxicity) distributes widely throughout
the bone mineral component because of the natural distribu-
tion of phosphate.
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Most of the clinical experience with the use of this cate-
gory of bone-seeking radiopharmaceuticals has been
acquiredwith®Sr-chlorideandwith'33Sm-EDTMP. Therefore,
most of the comprehensive analyses of the published litera-
ture concerning 3~ emitters (see further below) refer to these
two therapeutic agents.

24.11.4 Clinical Use of ~ Particle-Emitting
Bone-Seeking

Radiopharmaceuticals

There has been a constant update of guidelines developed by
professional societies throughout the years for the use of
bone-seeking radiopharmaceuticals emitting = particles in
the management of patients with skeletal metastases [158—
160]. In this chapter we will refer to the most recently
updated guidelines on the use of p~-emitting radiopharma-
ceuticals, developed by the European Association of Nuclear
Medicine [160]. Although these guidelines formally regard
the three approved p-emitting radiopharmaceuticals
(**P-sodium phosphate, ¥Sr-chloride, 3*Sm-EDTMP), simi-
lar considerations apply to the use of other bone-seeking
radiopharmaceuticals that have been clinically validated and
are available in certain institutions under approval by the
local Institutional Review Board (e.g., !'3Re-HEDP,
18Re-HEDP, '""Lu-EDTMP).

24.11.4.1 Indications

As simply stated by Handkiewicz-Junak et al. [160], the
chief indication for therapy of skeletal metastases with this
class of radiopharmaceuticals is for “Painful metastatic bone
lesions with osteoblastic response, as indicated by areas of
intense uptake on radionuclide bone scans.” Furthermore,
clinical experience has cumulated on the beneficial effect of
this therapy also in patients with primary painful bone malig-
nancies with similarly enhanced uptake on the radionuclide
bone scan, although not at sufficient level for the proper
authorization bodies to approve this indication for routine
clinical use.

Moreover, although not mentioned in the published
guidelines the role of high-dose '*Sm-EDTMP in patients
with multiple myeloma has been investigated. The results
obtained indicate that there are no additional hematologi-
cal or non-hematological toxicities following this treat-
ment in combination with other therapies—even when
administered with multiple cycles [161, 162]. Furthermore,
clinical benefit has been demonstrated following adminis-
tration of "*Sm-EDTMP combined with bortezomib (a
proteasome inhibitor, used in this regimen as a radiosensi-
tizing agent) in patients with relapsed or refractory multi-
ple myeloma [163].

24.11.4.2 Contraindications

The only two absolute contraindications for therapy with -
emitting bone-seeking radiopharmaceuticals are pregnancy
and breastfeeding.

There are several relative contraindications that require
tailoring of therapy after careful consideration of the whole
clinical scenario of each individual patient. They include
conditions related to compromised bone marrow function
(due to either diffuse infiltration of the bone marrow by met-
astatic cancer cells or prior chemo- or radiotherapy regi-
mens) and life expectancy.

Concerning bone marrow function, a certain reduction of
blood cell counts (usually affecting platelets and/or leuko-
cytes) is expected following therapy with f~ emitting bone-
seeking radiopharmaceuticals. Such reductions may reach
the levels of hematological toxicity in patients with evidence
of compromised bone marrow function prior to treatment.
Although the scenario has changed after the introduction of
colony-stimulating factors to support/stimulate the produc-
tion of granulocytes in particular, the following blood cell
count values have been defined as the threshold above which
administration of f~-emitting bone-seeking radiopharmaceu-
ticals for therapy of skeletal metastases is expected to be
safe:

e Hemoglobin >90 g/L
 Total leukocyte count >3.5 x 10°/L
* Platelet count >100 x 10%/L

Stability of blood cell counts should be ascertained prior
to treatment, in order to rule out the occurrence of deteriorat-
ing bone marrow function before administering therapy with
B~-emitting bone-seeking radio-pharmaceuticals.
Furthermore, since the main route of clearance for these
radiopharmaceuticals is through renal excretion, poor renal
function results in prolonged blood retention and therefore
possibly increasing bone marrow toxicity. As a consequence,
treatment with f~-emitting bone-seeking radiopharmaceuti-
cals should not be performed in patients with serum creati-
nine >180 pmol/L (or >2.05 mg/dL) and/or estimated
glomerular filtration rate <30 mL/min.

Moreover, the coagulation profile should be investigated
prior to treatment in order to rule out subclinical dissemi-
nated intravascular coagulation, a condition that constitutes a
risk factor for severe thrombocytopenia following therapy
with these radiolabeled agents.

Concerning life expectancy, it must be considered that the
palliative effect of this form of therapy typically takes place
up to 4 weeks after administration. Therefore, therapy with
bone-seeking radiopharmaceuticals is expected to be more
beneficial in patients with longer life expectancy as well as in
patients with earlier stages of skeletal metastatic disease.
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A final consideration concerning selection of patients
with bone pain from skeletal metastases for palliative ther-
apy with bone-seeking radiopharmaceuticals has to do with
special features of the metastatic lesions, as it may occur
when such lesions cause spinal cord compression or imply
the risk of impending fracture. In these cases the critical
lesions must be treated with modalities that ensue faster con-
trol of the lesions, such as surgery or external beam radiation
therapy. This approach does not preclude concomitant treat-
ment of other noncritical lesions with administration of
bone-seeking radiopharmaceuticals.

24.11.4.3 Efficacy

Several meta-analyses and systematic reviews have evaluated
the results of a vast number of clinical studies that have been
published on this matter [164—173]. Such results consistently
demonstrate the beneficial effects of therapy with bone-seek-
ing agents in patients with osteoblastic or mixed-pattern skel-
etal metastases. Since predominantly osteoblastic metastases
are observed primarily in patients with prostate cancer, most
of the studies have focused on these patients; nonetheless, this
therapy is equally effective in patients with skeletal metasta-
ses originating from other cancers (e.g., breast cancer, lung
cancer, etc.), provided that patients are adequately selected on
the basis of bone scintigraphy demonstrating increased tracer
uptake at the sites of painful bone metastases.

Overall response rates for palliation of bone pain average
70% of the patients treated, with reports up to 90%, are
reported; these figures are remarkably consistent regardless
of the radiopharmaceutical used—'>Sm-EDTMP or
$Sr-chloride. In about one out of the three patients respond-
ing to treatment, there is complete relief of bone pain, while
in the remaining patients there is partial response, i.e.,
marked reduction of bone pain which becomes therefore
amenable to treatment with minor analgesic drugs rather
than opioid medications. Similar results have been reported
regarding bone pain palliation following administration of
18Re-HEDP, with an average 32% of complete responses
and 44% of partial responses.

The onset of bone pain palliation varies between about 1
and 4 weeks post-administration, the shorter interval occur-
ring when radionuclides with shorter physical half-life are
used (i.e., '*Sm and '*Re, 1.9 and 3.8 days, respectively)
versus ¥Sr (50.5 days). This difference is due to the higher
dose rate for shorter-lived radionuclides compared to longer-
lived radionuclides (see Fig. 24.50). Duration of pain pallia-
tion is generally reported in the 6—15-month range. In case of
recurrence of bone pain, treatment can be repeated, and effi-
cacy of such therapy is maintained throughout several cycles,
provided that all indications for therapy with p~-emitting
bone-seeking radiopharmaceuticals are met—with special
attention to the pattern of bone scintigraphy and to the crite-
ria of bone marrow function [174].
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Fig. 24.50 Comparison of the time-related pattern of energy release
over a certain period between '3Sm and *Sr. The plot has been drawn
in such a way that the areas (or integrals) under the two curves (i.e., the
total energy released from time zero to total decay) are identical for the
two radionuclides. Thus, the two curves basically correspond to the
dose rates for the two radionuclides. The plot shows that, with the same
total radiation dose released, the dose rate of '%Sm (physical half-life
1.9 days) is much higher than that of *Sr (physical half-life 50.5 days),
but it declines to virtually zero over approximately 20 days. Whereas,
%Sr continues to release radiation energy (though lower than that of
153Sm) over a much longer period (reproduced with permission from:
Volterrani D, Erba PA, Mariani G, Eds. Fondamenti di Medicina
Nucleare — Tecniche e Applicazioni. Milan: Springer Italy; 2010)

Studies on the quality of life following treatment of pain-
ful skeletal metastases with bone-seeking radiopharmaceuti-
cals indicate that these treatments can be recommended to
improve the quality of life of patients with skeletal metasta-
ses characterized by high tracer uptake on conventional bone
scintigraphy.

Besides symptomatic relief of bone pain, treatment with -
emitting bone-seeking radiopharmaceuticals has been shown to
induce also objective tumor responses, as demonstrated by, e.g.,
reduction in the serum levels of tumor-associated antigens,
improved imaging patterns (see Fig. 24.51), and/or reduction in
new skeletal-related serious events. Furthermore, several reports
have shown improved survival after treatment with these agents,
either alone or especially in combination with chemotherapy in
patients with cancers of either the prostate or breast.

24.11.4.4 Administration Protocols

and Possible Side Effects
The standard administration route for *P-phosphate,
89Sr-chloride, '**Sm-EDTMP, and '®Re- or ' Re-HEDP is
by intravenous injection; slow infusion is recommended,
especially when administering %Sr-chloride. Nonetheless,
32P-phosphate can also be administered orally—but in this
case the activity to be administered is about twofold the
activity administered intravenously. Particular attention
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Fig. 24.51 Efficacy of treatment with **Sm-EDTMP administered
for bone pain palliation purposes to a patient with progressing
castration-resistant prostate cancer. Left panel shows the baseline
bone scintigraphy (prior to therapy with the bone-seeking radiophar-
maceutical) obtained about 3 h after injection of *"Tc-HDP: at this
time serum PSA was 540 ng/mL. Right panel shows the bone scan

must be paid to avoid extravasation of the f~-emitting radio-
pharmaceutical, because the high local concentration of the
therapeutic agent in interstitial space may cause tissue
necrosis.

No special preparation of the patient is required before
administration of the radiopharmaceutical, including recent,
prior, or subsequent therapy with latest generation bisphos-
phonates (such as zoledronic acid), considering that no com-
petition was found for bone localization between such
bisphosphonates and '3Sm-EDTMP or ¥Sr-chloride.

Recommended activities of the f~-emitting bone-seeking
radiopharmaceuticals administered for palliation of bone
pain from osteoblastic or mixed-pattern skeletal metastases
are listed here below, as derived from either the EANM
guidelines or from other sources:

%

R

=X

»

6 mos. post-1*Sm-EDTMP

obtained about 6 months posttreatment, without any intervening che-
motherapy; at this time serum PSA was 45 ng/mL, and the bone scan
shows marked improvement of the scintigraphic pattern (reproduced
with permission from: Volterrani D, Erba PA, Mariani G, Eds.
Fondamenti di Medicina Nucleare — Tecniche e Applicazioni. Milan:
Springer Italy; 2010)

32P-phosphate: 185-370 MBq (or 510 mCi) when admin-

istered intravenously (or about twofold this activity when

administered orally)

e ¥Sr-chloride: 1.5-2.2 MBg/kg body weight (or 40-60 uCi/
kg)

e 1BSm-EDTMP: 37 MBg/kg (or 1 mCi/kg)

e 13Re-HEDP: 1110-3515 MBq (or 30-95 mCi)

o 18Re-HEDP: 2500-5500 MBq (or 67-148 mCi)

Although distribution of these therapeutic radiopharma-
ceuticals is in general expected to mirror the pattern observed
on conventional bone scintigraphy with any *™Tc-labeled
bone-seeking phosphonate agent, it may be useful to acquire
scintigraphic images after administration of the f~-emitting
radiopharmaceutical, to depict in the individual patient actual
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#aTe MDP bone scan

ANT POST

Fig. 24.52 Whole-body imaging: *"Tc-MDP bone scan and
153Sm-EDTMP scan. Bone scan (left) shows multiple areas of abnor-
mally increased uptake in the bones consistent with metastatic disease.
Targeting of all sites by **Sm-EDTMP is seen on the whole-body scan
obtained 3 h post-therapy (right) (reproduced with permission from:

distribution of the therapeutic agent throughout the skeleton.
When ¥Sr-chloride is administered, gamma camera imaging
can be recorded by taking advantage of the photon emission
associated with the bremsstrahlung effect caused by interac-
tion with tissues of the high-energy f~ particles emitted by
%Sr. However, the images so obtained are in general of rather
poor quality. Instead, good-quality gamma camera images
are obtained after administration of radiopharmaceuticals
labeled with either '**Sm, '*®Re, '86Re, or '""Lu, since the
modes of decays of these radionuclides include the emission
of y-rays with energies suitable for gamma camera imaging.
Imaging can be acquired either few hours post-administration
(Fig. 24.52) or, for better scintigraphic contrast, 24 h
post-administration.

Therapy with P~-emitting bone-seeking radiopharma-
ceuticals implies some side effects that are in general mild
and exhibit a rather predictable pattern. The earliest side

153Sm-EDTMP scan (3 h post-injection)

ANT

POST

Pandit-Taskar N, Divgi CR. Targeted radionuclide therapy for bone
metastases. In: Strauss HW, Mariani G, Volterrani D, Larson SM, Eds.
Nuclear Oncology: From Pathophysiology to Clinical Applications.
New York: Springer; 2017:1307—1336)

effect (occurring within approximately 72 h post-adminis-
tration and affecting about 10% of the patients treated) is
the so-called “flare” phenomenon, i.e., a transitory self-
limiting and readily managed increase in bone pain which
is in the majority of cases associated with good clinical
response.

The second side effect, which is consistently observed in
the majority of patients treated with p-emitting bone-
seeking radiopharmaceuticals, is some degree of myelotox-
icity, which is in general mild and recovers spontaneously
without requiring special additional therapies. In particular,
as a result of irradiation of the hemopoietic cells in the bone
marrow by the B~ particles emitted by the radiopharmaceuti-
cal adsorbed on the surfaces of trabecular bone, there is drop
in leukocyte and especially in platelet counts, with a nadir
that is observed at 3-5 weeks post-administration when
using the agents labeled with the shorter-lived radionuclides
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(13Sm, ¥Re, or '¥8Re); recovery is usually complete within
3 months. When using instead the longer-lived ¥Sr or 32P, the
nadir in leukocyte/platelet counts can occur at 12—-16 weeks
post-administration. Myelotoxicity is usually more
pronounced when patients have received prior myelosup-
pressive chemotherapy regimens.

Clinical Use of the a** Emitter
223Ra-dichloride

24.11.5

This radiopharmaceutical constitutes the most recent addition to
the list of approved bone-seeking agents for therapy of patients
with skeletal metastases. It should be noted that, while other
radiopharmaceuticals have been approved with mention of the
palliative effects of such treatment, FDA and EMA approvals of
2Ra-dichloride read as follows: “For the treatment of patients
with castration-resistant prostate cancer, symptomatic bone
metastases and no known visceral metastatic disease.” This defi-
nition, which is based on the results of a large-scale randomized
seminal study by Parker et al. [175] subsequently supported by
additional reports [176, 177], implies not only a mere palliation
effect on bone pain but also an additional clinical benefit in
terms of new serious skeletal-related events and overall survival
following therapy with 2**Ra-dichloride.

In this chapter we will refer to the recently published
guidelines on the use of ?*Ra-dichloride, developed by the
European Association of Nuclear Medicine [178].

Similarly as other bone-seeking radiopharmaceuticals
utilized for either diagnostic or therapeutic purposes, >*’Ra
(a member of the second main group of elements, which
possess chemical and physiological similarities with cal-
cium) selectively accumulates in the bone, particularly in
areas of high bone turnover—as typically are the border
zones of bone and bone metastases. **Ra decays with
physical half-life of 11.43 days, emitting o** particles that
have a very limited penetration in tissue (less than 100 pm,
which corresponds to about 10 cell diameters). This results
in a very high linear energy transfer and therefore in high
probability of inducing lethal DNA damage (double-strand
breaks) in the adjacent cells that are mostly represented by
osteoblasts and osteoclasts in addition to metastatic tumor
cells. On the other hand, the limited tissue penetration of
the a** particles minimizes irradiation of the normal hemo-
poietic components of the bone marrow, thus resulting in
hematological toxicity of therapy with *?Ra-dichloride
considerably lower than that observed following therapy
with the p~-emitting bone-seeking radiopharmaceuticals.

24.11.5.1 Indications

The approved indication for ??’Ra-dichloride is “... the treat-
ment of adult patients with castration-resistant prostate can-
cer, symptomatic bone metastases and no known visceral

metastases” [178]. Thus, it should be noted that in the clini-
cal routine skeletal metastases originating from tumors other
than prostate cancer are not amenable to treatment with
23Ra-dichloride.

Although not specifically mentioned in the approval
document, it is common practice to verify the presence of
predominantly osteoblastic metastases with either a conven-
tional gamma camera bone scintigraphy or with '8F-fluoride
PET/CT.

Furthermore, the term “visceral metastases” does not
apply to the presence of lymph node metastases as a criterion
for exclusion from therapy with ?*Ra-dichloride.

3

24.11.5.2 Contraindications

Considering that prostate cancer in children and adolescents
under the age of 18 years is an exceptionally rare occurrence,
no safety and efficacy of treatment with **Ra-dichloride has
ever been investigated in this age group. There are no abso-
lute contraindications to the use of **Ra-dichloride, pro-
vided that the indications are correctly adopted, chiefly the
absence of visceral metastases.

Although hematological toxicity following the use of
2Ra-dichloride is lower than with the p~-emitting agents,
the bone marrow reserve must be carefully investigated
before administration. Before the first administration/cycle,
the minimum threshold values for treatment are listed as
follows:

* Hemoglobin >10.0 g/dL
e Absolute neutrophil count >1.5 x 10°/L
e Platelet count >100 x 10°/L

For all subsequent administrations/cycles, the following
minimum threshold values for treatment are required:

e Absolute neutrophil count >1.0 x 10°/L
e Platelet count >50 x 10°/L

Regarding the overall clinical condition of patients who
are candidates for treatment with 2**Ra-dichloride in an out-
patient setting, their Karnofsky score should be >50% or
their ECOG performance status <2. If patients do not meet
these criteria, hospitalization should be considered.
Furthermore, fecal incontinence requires hospitalization,
since *Ra undergoes fecal excretion (13% of the injected
activity within 48 h post-administration versus 2% for renal
excretion) and incontinence would imply an increased risk of
contamination for the attending caregivers/household and for
the environment.

24.11.5.3 Efficacy
Treatment with ?2Ra-dichloride is generally followed by
rapid and marked reduction of bone pain, although pain
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relief alone is not a reliable indicator of response to treat-
ment in terms of survival benefit [175, 179, 180]. Objective
markers of response to treatment are represented by the
serum levels of PSA and alkaline phosphatase, although fluc-
tuations in serum PSA levels may be observed throughout
the six therapy cycles and make this marker a somewhat
unreliable predictor of long-term response.

2Ra-dichloride is the first bone-seeking radiopharma-
ceutical that has shown a definite survival benefit in the
patients treated with this radiopharmaceutical as a single
therapeutic agent, with median overall survival of
14.9 months versus 11.3 months for the group treated with
placebo. Investigations of the possible synergistic effect of
223Ra-dichloride used concomitantly with chemotherapy are
currently under way.

24.11.5.4 Administration Protocol and Possible
Side Effects

According to the EANM guidelines (based on key consensus
recommendations developed among 11 nuclear medicine
centers across six European countries [181]), fasting is not
required prior to administration of ?**Ra-dichloride, and
patients should be well hydrated. Although in general
patients should take their medications as usual, the only rec-
ommended precaution is to temporarily discontinue supple-
mentation with calcium, phosphates, or vitamin D for at least
4 days before and after each administration of the radiophar-
maceutical. A careful benefit/risk evaluation should be per-
formed in case patients are receiving concomitant
chemotherapy.

Patients with urinary or fecal incontinence should be han-
dled in such a way so as to minimize the risk of contamina-
tion, through bladder catheterization or with other padding
devices, respectively. Although therapy with ?>*Ra-dichloride
is generally performed on an outpatient basis, hospitalization
should be considered for seriously ill patients of for patients
with fecal incontinence.

23Ra-dichloride is administered by slow intravenous
injection (over approximately 1 min), paying special atten-
tion to avoid extravasation. The standard protocol for this
treatment is based on administration of ?**Ra-dichloride in
the amount of 55 kBq/kg of body weight, corresponding to
3.85 MBq (or 104 pCi) for a 70 kg patient. At variance
with the P -emitting bone-seeking radiopharmaceuticals
described in the prior section (for which the rule is a single
administration—considering repeat administration after sev-
eral weeks or months in case of recurrence of bone pain), the
standard protocol for therapy with ?*Ra-dichloride involves
six administrations at 4-week intervals. Before each admin-
istration, the hematological profile of patients must be care-
fully evaluated in order to verify that the requisites for
treatment are maintained throughout.

P.A.Erbaetal.

The risk of hematological adverse events (e.g., neutrope-
nia and thrombocytopenia) is increased in patients whose
bone marrow reserve is reduced because of prior cytotoxic
chemotherapies and/or radiation therapy or in patients with
advanced diffuse metastatic infiltration of the bone—appear-
ing as “superscan’ on conventional bone scintigraphy.

The most frequent adverse side effects observed after
treatment with **Ra-dichloride (occurring in >10% of the
patients treated) are diarrhea, nausea, vomiting, and throm-
bocytopenia, the most serious adverse reactions being repre-
sented by thrombocytopenia and neutropenia.

Since ?*Ra is excreted mainly through the gastrointestinal
route, the intestine may be exposed to radiation exposure
sufficient to cause detrimental effects. Therefore, the possible
risks caused by administration of ?*Ra-dichloride in patients
with inflammatory bowel disease should carefully be consid-
ered in terms of benefit/risk ratio.

A few patients treated concomitantly with **Ra-dichloride
and bisphosphonates combined with chemotherapy have
developed osteonecrosis of the jaw. However, it is currently
unclear whether this occurrence was attributable to prior
treatment with bisphosphonates and chemotherapy or
whether therapy with 2*’Ra-dichloride further increased the
risk of osteonecrosis of the jaw.

Key Learning Points

* The skeleton is the most frequent site of metastases
arising from cancers originating at other sites.

e Metastatic tumor cells home in the bone marrow
mostly by the hematogenous route.

e The complications of skeletal metastases include
bone pain, pathologic bone fractures, spinal cord
compression, hypercalcemia, and bone marrow
aplasia.

* Bone pain is due mainly to local production of
chemical mediators produced in the bone marrow
environment both by the tumor cells and by inflam-
mavtory cells.

e Treatment of skeletal metastases includes systemic
antitumor regimens, local treatment (radiation therapy
and/or surgery), pain-killing medications, bisphospho-
nates, and bone-seeking radiopharmaceuticals.

e The mechanism of bone pain palliation induced by
bone-seeking radiopharmaceuticals is mostly due to
reduced local production of inflammatory/algo-
genic compounds.

e The radiobiological effects caused by bone-seeking
radiopharmaceuticals affect not only the mineral



component but also the cellular component of the
affected bone, thus exerting some antitumor activity
and at the same time some myelotoxicity.

The basic indication for therapy with bone-seeking
radiopharmaceuticals is that the lesions to be treated
show a predominant osteoblastic pattern on conven-
tional bone scintigraphy with *™Tc-phosphonates.
Bone-seeking radiopharmaceuticals utilized for
therapy include agents labeled with or carrying
radionuclides emitting 3~ particles (**P, ®Sr, 1>3Sm,
186Re, ¥8Re, ""Lu) or a** particles (***Ra).

While indications for the approved PB~-emitting
radiopharmaceuticals (**P-phosphate, ¥Sr-chloride,
153Sm-EDTMP) state their clinical use for palliation
of bone pain, the indications for the use of
223Ra-dichloride state its use for therapy of skeletal
metastatic disease from prostate cancer with the
purpose of prolonging overall survival.

All bone-seeking radiopharmaceuticals are effec-
tive not only in terms of bone pain palliation but
also in terms of objective tumor responses to
treatment.

There are specific indications, contraindications,
possible adverse side effects, and expected clinical
outcomes for each category of bone-seeking radio-
pharmaceuticals used for therapy of metastatic skel-
etal disease.
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