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Contemporary approaches for imaging skeletal metastasis

David Ulmert'?, Lilja Solnes® and Daniel LJ Thorek®*

The skeleton is a common site of cancer metastasis. Notably high incidences of bone lesions are found for
breast, prostate, and renal carcinoma. Malignant bone tumors result in significant patient morbidity.
Identification of these lesions is a critical step to accurately stratify patients, guide treatment course, monitor
disease progression, and evaluate response to therapy. Diagnosis of cancer in the skeleton typically relies on
indirect bone-targeted radiotracer uptake at sites of active bone remodeling. In this manuscript, we discuss
established and emerging tools and techniques for detection of bone lesions, quantification of skeletal tumor

burden, and current clinical challenges.

Bomne Research (2015) 3, 15024; doi:10.1038 / boneres.2015.24; Published online: 14 July 2015

INTRODUCTION

The freatment of a primary solid fumors may involve
surgery, radiafion therapy, chemotherapy, or a com-
bination of these approaches. Treatment effectiveness
and resulting survival rates are highest when the dis-
ease is still localized to the initial site. Metastatic dis-
ease, in which a malignancy has begun fo spread to
sites throughout the body, has more limited therapeutic
options and poorer outcome. While it is difficult to gen-
eralize for the wide range of neoplastic diseases that
are broadly labeled as cancer, there are several com-
mon paftterns of metastatic progression. These can
involve locoregional growth, spread through the lymph
nodes, seeding of distant organs, and invasion of the
skeleton.

The metastatic colonization of the skeleton represents
the lethal form of several commonly diagnosed solid car-
cinomas including breast, prostate, thyroid, renal, and
lung cancer. As such, it is a focus of basic biological and
clinicalresearch. Critical biological questions, such as why
cancer cells have a tropism for bone, and how they are
able to flourish in such a distinct microenvironment from
their original soft-tissue sites, remain largely unanswered.
From a clinical standpoint, detection and monitoring of
bone metastasis is a key aspect of patient management
in advanced disease, and will be the focus of this
perspective.

Incidence and impact

The osteotfropic nature of cell dissemination from many
cancers results in a large cohort number of patients with
skeletal fumor burden. Estimates of approximately one-
third of renal cell carcinoma patients,'2 as many as 70%
of prostate and breast cancer patients,®and a large num-
ber of patients with lung,*= skin,® and thyroid cancer” are
affected each year. Recent assessments place the num-
ber of patients with metastatic bone disease is approxi-
mately 300 000~400 000 in the United States alone.®?

The presence and extent of bone metastases are assoc-
iated with poor overall outcome in metastatic prostate,
breast, kidney, and thyroid carcinoma.'®""® Roughly four
in five patients with bone metastatic breast'* or prostate
cancer'> " will succumb within five years. The health-care
burden from this stfaggering number of patients is com-
pounded by the severe health effects of bone metastasis
and lack of effective tfreatment options. Adverse events
associated with dissemination to the skeleton may include
debilitating pain, fracture, hypercalcemia, and spinal
cord compression.

It follows that risk stratification and patient manage-
ment are intimately dependent on knowledge of the
presence of bone metastasis. Clinical chemistry provides
markers of skeletal metabolism that can be used for
monitoring or to complement other diagnostic modalit-
ies. However, N-telopeptide, alkaline phosphatase, and
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urine deoxypyridinoline are hampered by renal factors
and are less sensitive than direct radiological evaluation
of the skeleton using X-ray computed tomography (CT),
magnetic resonance (MR), or nuclear medicine (NM)
approaches. Therefore, imaging of bone lesions has
become a mainstay of clinical radiological practice.

IMAGING SKELETAL ACTIVITY

Tumor cell dissemination to the bone is a complex process
that involves reciprocal interplay between cancer cells,
cellsin the surrounding microenvironment, and the stroma
itself.'” Radiographic detection of cancer metastasis to
the bone is most commonly performed by identifying sites
of active bone remodeling. Thus, we commonly define the
bone lesions that arise as a function of the cancer/stroma
interactionratherthan detection of the cancer cells them-
selves. Chemical and physical stimuli released by meta-
static foci which lead to bone deposition (as is common
in prostate cancer) or resorption (as in breast cancer)
have gross effects which can be visualized using several
clinicalimaging modalities. These methods either visualize
aberrant tissue morphology (as in CT and MR) or incorp-
orafion of radiotracers in the remodeling bone matrix.

The bone scan

The dominant approach to detect metastatic involve-
ment of the skeleton is by a NM radionuclide bone scan
(RNB) using ’MTechnetium-radiolabeled bisphospho-
nates. Patients are scanned using a planar gamma (y)-
camera, which acquires the whole-body spatial distri-
bution of the " ™Tc-tracer via the 140 keV y-ray produced
upon its radioactive decay. Scatter and absorption of
these intfermediate energy photons necessitates the col-
lection of both anterior and posterior planar scans, which
can subsequently be evaluated by a frained radiologist to
identify lesions (Figure 1).

The ?“™MTc radioisotope has been evaluated as a med-
ical radiotracer for over half a century.'® It is the most
widely used radioisotope for medical imaging because
of its ease of on-site production, facile radiolabeling
chemistry (vide infra), favorable half-life, and image qual-
ity. ?“™Tc can be produced in high quantity and purity from
a “Molybdenum ("?Mo)/”*™Technetium (*"™Tc) gen-
erator. Here, the parent “’Mo is bound to a chromato-
graphy column and decays to *™Tc. This daughter
radionuclide is mobilized with saline to produce 7" ™Tc per-
technetate (P"™cO,”) while the "’Mo parent remains
immobilized. This system obviates the need for expensive
equipment such as a cyclotron (generally only found at
academic hospitals) and the generator can be eluted
every several hours. While concern has been mounting
from the forecasted shortage of the parent ”Mo (as older
research reactors which produce the isofope are
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Figure 1. Planar bone scan. Anterior and posterior y-camera planar scans
of prostate cancer patient. Acquisition was acquired 3 hours after intra-
venous administration of **™Te-MDP. Foci of uptake of the tracer indicate
lesions at thoracic and lumbar vertebrae, both shoulders and throughout
the pelvis.

decommissioned), novel cyclotron production for direct
?MTc are expected to fill any future requirements.'?
Several phosphate compounds have been used to
complex ?™MTcO,4~ to form MTc-diphosphates (Figure 2).
Coordinatfion of the radiometal with the phosphates
is facile and rapid in the presence of the reducing agent
stannous chloride at neutral pH. The most commonly
used phosphate in the United States is medronic acid
to form ?"MTc-methylene diphosphonate (*MTc-MDP).2°
Selection of this tracer is a function of high bone uptake,
relatively quick clearance from background fissues and
in vivo stability (both in plasma and after binding bone).?’
Three-dimensional radionuclide distribution can be rea-
lized using single-photon emission computed tomography
(SPECT). This approach rotates a number of detectors
around the patient, again collecting the gamma

© 2015 Sichuan University
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Figure 2. Structure and binding of bisphosphonate ligands. Several bisphosphonate compounds have been investigated for RNB, each slightly different
in vivo binding and clearance properties. These include: (a) 1-hydroxy-ethylidene diphosphonate (HEBP or etidronic acid); (b) hydroxymethylene
diphosphonate (HMDP); and the most widely used (c) methylene diphosphonate (MDP or medronic acid). When complexed with the single-photon
emitting *™Tc radionuclide, binding to bone is mediated by physicochemical adsorption to hydroxyapatite, shown in (d) for ™ Te-MDP.

emissions, which are reconstructed fo form a volumetric
distribution of the tracer; as planar X-ray is to CT, y-camera
planar imaging is to SPECT. SPECT is not generally per-
formed as a stand-alone diagnostic fool, but may be indi-
cated following a planar RNB to clarify foci of uptake
(Figure 3).

Radiobisphosphonate uptake
All diphosphonates have a high affinity for bone mineral.
Unlabeled (non-radioactive) molecules are widely used
therapeutically to combat low bone density leading to
osteoporotic fracture or hypercalcemia. Radiolabeled
diphosphonates are given at sub-therapeutic mass doses
that are assumed to function through a similar mech-
anism. The accumulation of these radiolabeled com-
plexes to sites of active bone remodeling are ascribed fo
the coordination of the phosphate groups to the calcium
present in the hydroxyapatite of bone (Figure 2d).
Uptake of these compounds appears to be multifactor-
ial. The proliferating cells at bone metastases encourage
increased vascularization and therefore increased blood
flow to site. This can alter the distribution of the bone-tar-
geted radiotracer. In elegant experiments using blood
flow tracers (including radioactive microspheres and
blood-dissolved radioactive gas), it has been shown that
some dependence on vascular delivery rates exists.
However, extraction from the vessels is not the sole com-
ponent to govern uptake in both normal and newly dis-
eased bone as diffusion and chemical adsorption play a
role.??"2* As revealed by autoradiographic development

© 2015 Sichuan University

of ex vivo samples, bone imaging tracers incorporate at
the mineralizing osteoid in developing normal bone and
surrounding bone lesions.?

Each ?’™MTc-diphosphonate possesses slightly different
pharmacokinetics with respect to bone uptake and
washout from background tissues?® but can generally
be used interchangeably. A general protocol sees
patient imaging at approximately 3 hours after infraven-
ous administration of approximately 600 MBg of the fra-
cer. It should also be noted that in addition to technical
artifacts, renal function, medication, and metabolic sta-
tus of the patient can strongly affect scan quality and
outcome.?”

Sodium fluoride positron emission fomography
An alternative radiotracer forimaging of the skeletal com-
ponent of bone metastases is radioactive fluoride ('8F) in
the form of sodium fluoride ('8F-NaF). First proposed as a
RNB agent using y-camera imaging in the 1960s, fluoride
ion imaging was approved by the Food and Drug
Administration in 1972. It was superseded by the wide-
spread availability and more favorable emission profile
of ?Mc-tracers for standard sodium iodide y-camera
technology. However, the development and availability
of positron emission tomography (PET) led to the rediscov-
ery of '8F imaging for bone scanning.?®

18F decays primarily by positron emission. This positron
undergoes an annihilation event with an electron to pro-
ducetwo 511 keV y-rays which travelin opposite directions
(180° from each other). Capture of dual y-ray emissions

Bone Research (2015) 15024
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Figure 3. Single-photon emission computed tomography. Squat view
(pelvic scan) of prostate cancer patient. There is normal, diffuse physio-
logic uptake in the pelvis and axial skeleton with more focal uptake in left
inferior pubic ramus confirmed by follow-up pelvic SPECT/CT scan.
Sclerotic lesion was identified in the same region on dedicated CT scan.
Findings are compatible with osseous metastases. Intense activity in the
central pelvis represents normal activity in the bladder.
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which fravel in opposite directions forms the basis for PET
(Figure 4).2 Here, a ring of detectors is passed over a
patient injected with a positron-emitting radionuclide.
Lines of response are recorded when detector elements
on opposite sides of the ring are struck at the same time,
and the sum of these gated events can be used to recon-
struct a detailed map of the three-dimensional location of
decay events.

The advantages of PETinclude itsinherently quantitative
nature, enabling the absolute determination of activity
per unit volume of tissue with and a higher resolution than
SPECT reconstructions of ?’MTc-diphosphonate uptake.
The faster clearance of the fluoride allows for scanning
earlier after injection than with ?“™Tc-MDP, increasing clin-
ical workflow and minimizing inconvenience to the
patient. Additionally, PET is approximately a log-order
more sensitive for radioactive detection than planar
imaging or SPECT. This feature permits lower activity
amounts to be administered in order to detect patho-
logical sites and faster scan times as compared to SPECT.
Importantly, PET identifies more bone metastases than the
planar RNB*° and '8F-PET/CT s able to detect more lesions
than SPECT/CT.*'

Fluoride chemistry and bone uptake

A cyclotronis used to produce ('8F) by proton irradiation of
180-water.®? The fluoride ion is physicochemically
adsorbed on an anion exchange resin cartridge, and
can be subsequently eluted in sterile saline to form '8F-
NaF. The solutionis sterile filtered and calibrated for patient
administration. The relatively short half-life of the radionu-
clide (109.7 minutes) requires that processing be per-
formed rapidly.®® While an on-site cyclotron is expedient,
commercial services are able to produce the compound
at off-site locations and deliver as needed for clinical
scans.

Similar to *°MTec-bisphosphonate compounds, uptake of
18F in regions of upregulated bone activity is dependent
on several parameters.343 After intravenous administra-
tion, '8F is rapidly cleared from the plasma to the bone or
renally excreted.®* The majority of bone uptake occurs on
the first pass of the ion through the circulation.®® As such,
blood flow characteristics are a dominant factor in '8F-
NaF uptake.®” At metabolically active bone surfaces, the
radiofluoride is able to exchange with hydroxyl ions in the
hydroxyapatite crystal to form fluorapatite and fluorohy-
droxyapatite.®83 The increased mineralizing surface area
aftbone metastasis (as well as fracture and arthritis) result in
increased '8F-fluoride uptake.*°

Anatomical imaging

Tracer uptake at sites of bone remodeling has crifical
value in detection and monitoring of bone lesions.

© 2015 Sichuan University
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Figure 4. "*F-NaF PET/ CT. 82-year-old patient with prostate cancer and elevated PSAwho underwent an '®F-NaF PETscan. (a) Maximum intensity projection
image (an orthographic projection of the three-dimensional data set). Multiple foci of increased uptake in the axial and appendicular skeleton detected. (b) PET
and (c) CT coronal slices show selection plane for (d) fused PET/CT (through spine). After thorough review of the CT, most of these lesions were found to

represent degenerative changes.

However, structural anatomical imaging technologies
such as CT and MR imaging often provide additional
information to aid diagnosis. The calcified tissue contrast
of CT can be used to rule out suspicious uptake of non-
metastatic origin (such as increased tracer uptake at
microfractures and benign degeneration).*! On the other
hand, the excellent soft-tissue contrast afforded by MR
imaging is also useful in that it may lead to identification
of additional soft-tissue metastases outside of the skeleton.

Within the bone, MR is able to sensitively detect replace-
ment of high-signal fat and marrow cellular material by
incipient metastases.*? Thus, this modality has the poten-
fial to visualize metastasis in the marrow cavity and early in
the bone growth stage, prior to gross bone remodeling
detectable by RNB and CT. Nevertheless, MR imaging
results may again capture secondary changes in bone
and bone marrow, rather than directly visualize the can-
cerfociitself. Early smallreports on the increased sensitivity
and specificity of MR and specifically whole-body MR over
RNB may point to greater use of this modality for metao-
static bone involvement.***4 These reports indicate ana-
tomically dependent sensitivity for each modality (more
rib lesions by RNB and more spinal lesions by MR) suggest-

© 2015 Sichuan University

ing that multiple modalities might best be used in tandem.
However, many centers are still in the feasibility stage for
comparison of whole-body MR scanning to established
techniques.*®

TARGETED IMAGING

Direct visualization of malignant cells rather than sec-
ondary bone events may be facilitated using NM tech-
nigues that involve the radiolabeling of targeted ligands,
be they small molecules or full size anfibodies. Such
radiotracers facilitate detection of carcinoma through
dysregulated cancer cell metabolism or aberrant cell
surface receptor expression. The oncological PET tracer
18F_fluorodeoxyglucose ('8F-FDG) is the most widely used
agent by a significant margin.

Malignantly fransformed cells have altered metabolic
requirements to furnish their high proliferation rate and
altered glycolysis pathways, referred to as the Warburg
effect.*® This phenomenon is exploited for cancer
detection using '®F-FDG, a radioglucose analog, which is
frapped by phosphorylation and accumulates in cancer-
ous tissue (Figure 5). Numerous studies have demonstrated
18F_FDG PET sensitivity and specificity for bone lesions in

Bone Research (2015) 15024
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Figure 5. Metabolic and surface receptor-targeted agents. Many tracers are in development for direct targeted detection of cancer cells in advanced
disease. Established in current clinical practice are: (a) "*F-fluorodeoxyglucose (**F-FDG) which accumulates in some cancer types due to metabolic
requirements; (b) 'I- and '*I-metaiodobenzylguanidine (MIBG) which is taken up in pheochromocytoma and neural crest tumors; and (c) radi-
olabeled somatostatin analogs (such as *Ga-DOTATATE shown) which bind to upregulated somatostatin receptor type-2 on the cell surface.

a range of tumor types including breast,* lung,® and
thyroid cancer,®’ and it may outperform traditional
?9MTc-MDP RNB in certain diseases. These results contrast
with findings in a subset of less metabolically active bone
lesions (including prostate and mixed osteoblastic/lytic
breast cancer metastases), with subsequently lower sens-
itivity than planar scintigraphy.®2-* As a result, '8F-FDG PET
may best be used in conjunction with bone scans
and to specifically monitor cancer cell response to
treatment.>>>’

Metabolic substrates beyond glucose have also been
evaluated, most notably Carbon-11 (''C-) and '8F-radi-
olabeled acetate and choline. These agentsidentify can-
cer based upon upregulated lipid synthesis and choline
kinase activity, respectively. Synthesis of these compounds
is more challenging than commercially available '8F-FDG,
further complicated by the 20-minute half-life of the car-
bonisotope. Due toitsreduced glycolytic phenotype, pro-
state cancer has been the primary application for these
agents,*® but adoption of these techniques is not currently
widespread.

Bone Research (2015) 15024

In addition, there are a plethora of targeting moieties
that can be functionalized with single-photon and/or
positron-emitting radionuclides to identify and monitor
cancer. Enumerating the different agents is well beyond
the scope of this article, however only a small minority are
in common clinical use for detection of bone metastatic
disease (Figure 6). Radioiodine (typically lodine-131 and/
or lodine-123) is widely used for identification of differen-
tiated thyroid metastases (which continue to accumulate
iodine similar to the healthy thyroid). Peptide-based soma-
tostatin analogs are often relied on to target neuroendo-
crine tumors, which overexpress somatostatin receptor
type 2. These peptides are labeled with radiometals, most
commonly Indium-111 ('"In) for planar imaging and
SPECT,*” and Gallium-68 for PET.° Finally, radioiodine-
labeled MIBG has been used to identify metastatic neuro-
blastoma in children and malignant pheochromocytoma
(Figure 7).

Many agents are in the validation stage for lesion
detection in early stage clinical trials. For prostate cancer,
radiolabeled urea-based small molecules and antibodies

© 2015 Sichuan University



Figure 6. '*F-FDG PET/CT bone metastasis. '*F-Fluorodeoxyglucose
(FDG) is the most widely used PET tracer. Taking advantage of the
upregulated glycolytic demands of many forms of cancer, the tracer is
trapped in metabolically active cells. As such, glucose-avid bone lesions
can be readily identified, as seen in this lymphoma patient. (a) Axial ®F-
FDG PET acquisition with (b) corresponding axial CT and (c) fused
hybrid image. '®F-FDG uptake here is associated with subtle lytic foci
compatible with metastatic disease.

targeting prostate-specific membrane anfigen (PSMA)
have been widely explored.®'*%In breast cancer, radiola-
beled anfibodies against the overexpressed HER2/neu
anfigen have revealed primary and disseminated

© 2015 Sichuan University
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Figure 7. '*I-MIBG-targeted tracer uptake. Targeted imaging of meta-
static pheochromocytoma with '**I-MIBG (24 hours after injection)
reveals widespread metastatic disease using planar y-camera imaging.
Osseous metastases are seen in the pelvis, left femur, right orbit, and right
shoulder. Normal physiologic activity is seen in the salivary glands, liver,
and heart.

disease.®* Finally, cell surface carbonic anhydrase IX
(CAIX) overexpression has been targeted in renal carcin-
oma with """In and iodinated anti-CAIX antibodies.®>%¢
with mixed results when compared to '8F-FDG. It is
expected these targeted agents, and ones like them, will
have a significant future impact toward precision monitor-
ing of disease. The slow pace of infroduction of these new
methods may be ascribed in part fo the onerous require-
ments and cost of large cohort frials.

ANALYSIS AND QUANTITATION

Qualitative evaluation of whole-body RNB or structural
imaging is a relatively straightforward task that requires
radiographic identification of abnormal focal uptake.
Quantification of disease burden using these methods is
considerably more difficult. Despite the challenge, quant-
itative assessment opens the opportunity to stratify

Bone Research (2015) 15024
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patients’ disease burden, monitor progression and res-
ponse to therapy, and evaluate novel cancer therapies.®”

Ideally, rigorous and universally accepted analysis tech-
nigues are applied across patient scans to establish
imaging as a biomarker to guide all relevant stages of
patient assessment and management.®® A biomarker is @
factor that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic pro-
cesses, or pharmacologic responses to a therapeutic
intervention.®” Such an approach has been achieved with
the response evaluation criteria in solid tumors (RECIST) cri-
teria for solid tumors established in 2000.7° In this approach,
the longest axis of soft-tissue tumor burden is assessed
by CT or MR and changes in this value respective to the
baseline measurement define categories of outcomes.
This criterion defines overallresponse and progression-free
survivalin clinical trials as an accepted imaging biomarker
for the Food and Drug Administration.

However, a single one-dimensional measurement of
burden is not applicable in the context of metastatic
disease, and less so for bone disseminated disease.
Several of the imaging methods discussed above have
been evaluated for their use as imaging biomarkers. The
focus for tomographic RNB as a biomarker has been has
been on evaluating intensity of fracer uptake. PET is
inherently quantitative, as one directly measures activity
per unit volume. '8F-NaF PET uptake at a lesion is most
commonly quantified as standardized uptake value
(SUV), defined as the tissue concentration of tracer as
measured by a PET scanner divided by the activity
injected divided by body weight. The uptake value is
represented by pixel or voxel intensity value in the
defined volume of uptake, which is then converted into
the activity concentration.

Quantification of *™Tc-diphosphonate bone scans is
more infricate. True quantification of the intensity of
uptake on a planar RNB is not possible as images are
formed as a projection through the patfient for a given
acquisition (anterior or posterior). Enumeration of the num-
ber of lesions has been historically used to evaluate planar
y-camera scans. A sophistication over this approachis the
Bone Scan Index (BSI), which is an algorithm for quantitat-
ive analysis of skeletal metastasis that represents the fumor
burden in a bone scan as a percentage of the total skel-
etal mass.”! Although the method has shown to be of
important clinical significance, popularity has been ham-
pered by the manual labor required. Automated image
analysis software has been shown to significantly
decrease the time required.”? These methods are in
development and still require a physician to supervise
the scan evaluation. As well, automated methods tend
to underestimate BSIscores in patients with extensive bone
disease.”®

Bone Research (2015) 15024

Although both BSI and quantification (SUV) of '8F PET
show robust reproducibility when analyzing the same
image, the intra-patient variability is currently unknown
(i.e. the variability of a repeated measurement after rein-
jection of the compound within the same week). Future
prospective clinical frials are needed to fully validate these
methods as clinical applicable biomarkers.

CURRENT CHALLENGES IN IDENTIFICATION OF

BONE METASTASIS

Inherent biological and physical factors limit the effective-
ness of bone metastasis imaging technologies. For the NM
approaches, the complexities in analysis of patient scans
arise predominantly from the difficulty in distinguishing
uptake due to bone activity decoupled from cancer cell
activity. Complications include benign pathologies that
mimic the signal of metastatic disease, bone flare, and
superscans. Anatomical imaging fechniques which may
detect smaller deposits of disease prior to macroscopic
bone activity are also confounded by asymptomatic
benign findings which often require biopsy to confirm.
Together, these issues revolve around the lack of specifi-
city of these techniques despite high sensitivity for detec-
fion of bone metabolism, which may not be associated
with oncological phenomenon.

Specificity

Cancer patients suspected of having bone disease are
often elderly and present with age-associated benign
skeletal degeneration. Uptake of bone-targeted radionu-
clides is also increased at sites of benign bone degenera-
tion and joint inflammation.”#¢ Distinction of metastatic
involvement from benign and asymptomatic bone and
joint degeneration is often difficult. The intensity of radio-
tracer uptake may be equivalent between benign and
metastatic lesions in the bone.”””® However, ongoing
work indicates that alternative quantification criteria of
lesion infensity may aid in distinction between lesions that
are metastatic or merely degenerative on RNB.”? Finally,
micrometastatic lesions in the bone may not be identified
since significant bone formation or resorption must occur
before the lesion becomes detectable.

Flare

The flare phenomenonrefers to the increase in radiotracer
uptake at previously diagnosed,®® or new previously
undetected lesions,®' soon after initiating therapy.
Increased uptake is fransient, but variable, lasting
between three and six months. The observation of the flare
phenomenon occurs often but has been historically
under-investigated.®? It is thought that the increase is a
response to bone deposition and repair at freated sites.
This increase in signal makes the distinction between

© 2015 Sichuan University



progression of bone lesions (or increased metastatic
spread) and successful freatment considerably difficult.

Theoretically, if all cancer burden in the bone was
ablated, bone healing would confinue for some fime
before returning to a baseline state. In such a hypothetical
case, one might detect an increase in the number and
intensity of bone lesions despite the lack of remaining
cancer cells. Pafient management in such situation is
problematic as medical or radiation oncologists may be
unsure if the current treatment is effective or not. Flare has
been observed following systemic endocrine therapy®32°
and chemotherapy,$® as well as after focal tfreatment
of individual sites.®’

Superscan

Lesions are most often identified as individual and
distinct areas of intense uptake. When metastases are clo-
sely spaced, or as the area of skeletal involvement over-
laps over fime, it becomes difficult to identify individual
sites. When the enftire skeleton presents with elevated
uptake, it becomes impossible to identify, enumerate or
quantify the intensity of individual lesions. This so-called
superscan pattern is found in advanced metastatic bone
disease with diffuse activity throughout much or all of the
skeleton (Figure 8). The likelihood of a superscan is
increased in late stage and elderly patients with compro-
mised kidney function, as this population is predisposed to
bone metabolic disorders such as hyperthyroidism and fib-
rous dysplasia.”®?"

Pitfalls in monitoring

RNB and structural imaging are important tools to follow
disease progression and response to therapy.”? These
techniques are also valuable in order to assess the poten-
fial of novel drugs — particularly as imaging response is an
accepted outcome for early stage clinical trials.” A pitfalll
with monitoring of bone activity is that pleotfropic drug
effects on bone remodeling rather than cancer cells
may be deceptive. Anillustrative example is cabozantinib,
a tyrosine kinase inhibitor that primarily affects hepatocyte
growth factor receptor and vascular endothelial growth
factor receptor. The drug is approved for treatment of
medullary thyroid cancer and has shown impressive early
phase results in the metastatic setting in several solid can-
cers. Interestingly, rapid resolution of bone lesion uptake
by planar RNB was seen in advanced prostate cancer
patients, with significant palliative effect.” Yet, the drug
did not demonstrate a statistically significant benefit for
overall survival.”® This dichotomy may be explained by
effects on bone furnover rather than significant anfi-
cancer impact, as suggested by resolution of '8F-PET foci
at sites of tumor-free fracture in a preclinical imaging
study.”®

© 2015 Sichuan University

Approaches for imaging skeletal metastasis

D Ulmert et al
9
'_-—- - !
v . : -
. e -
- '.:
4
i -~ .
' ' L “
Anterior Posterior

Figure 8. Diffuse skeletal uptake on bone scan: the superscan pattern.
Anterior and posterior y-camera planar scans with **™Tc-MDP dem-
onstrate diffuse uptake of tracer axial and appendicular skeleton in a
patient with prostate cancer. The kidneys and soft-tissues are well visua-
lized, however windowing of the image epitomizes the much higher
skeletal uptake. These findings are consistent with a superscan pattern.

Other concerns

Additional issues include scan duration, resolution, and
arfifactual uptake. From a pharmacokinetic standpoint,
?MTc-bisphosphonates must be imaged several hours
after administration to accommodate soft-tissue, serum
and renal clearance of non-bone bound agent. This
inconveniences the patient and requires administration
of greater activity such that sufficient signal is present
at the later imaging time point (thereby increasing
radioactive exposure to patient and staff). Planar scin-
figraphy has limited resolution. Longer on-camera
acquisition times are required for SPECT scans. The abil-
ity fo resolve smaller sites is achieved by PET, with the
trade-off of greater cost. The '8F-NaF clearance is faster
and imaging can be accomplished as early as tens of
minutes after administration. However the dosimetry of
the positron emitting '®F does not have an advantage
over 7™c compounds.
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Reading of RNB can be complicated by soft-tissue
uptake. While limited to a fraction of scans (1%-2%).
uptake artifacts in the muscle and tissues often indicates
the presence of pathologies such as blood flow defects,
renal insufficiency, splenic uptake due to sickle cell dis-
ease or calcified soft-tissue masses.”””? Extraosseous
uptake of '8F-NaF due to hypercalcemia, calcified soft-
fissues, or common vaso-occlusion processes (such as
necrosis and ischemia), are more frequently observed with
this method due to the increased sensitivity of PET.

ADVANCES

The number of targeted agents that enable precise delin-
eafion of lesions in the bone continues to increase. This
progress will improve the specificity of detection and
monitoring of bone fropic metastases and may help fo
motivate more personalized patfient management. In
addition, incremental improvement of existing and well-
validated targeted compounds are expected to have a
high impact. For example, a higher resolution and more
sensitive fluorine derivate of '2%/"'l-MIBG, '8F-MFBG, has
recently demonstrated impressive preclinical results of
improved sensitivity to detect neuroblastoma with lower
background.'® The intense interest in targeted tracers
continues to increase as new methods emerge which
enable image guided-targeted focal therapy (guided
external beam or surgical intervention). Many of these
fracers also have theranostic potential, and can be used
to identify patients, which may benefit from therapeutic
derivatives of imaging compounds (for example, high-
dose "¥'I-MIBG).

Tracer developments have been matched with
advances in instrumentation and analysis methods to
befter quantitate and monitor disease in both patients
and preclinical models. From the small animalimaging field,
pinhole SPECT, and refined reconstruction algorithms
now routinely enable sub-milimeter.'®'"'9? This technology
is now being franslated to the clinical arena and may
enable resolution of single-photon emitters fo 3 mm. Higher
field-strength MR and multimodal PET/MR are also emerging
with improved resolution, decreased scan time, and novel
applications for fused imaging.'®® Monitoring of cancer
associated bone events by RNB with the fine soft-tissue detail
afforded by MR is expected to decrease false-positive lesion
enumeration and improve disease monitoring. However,
challenges sfill remain with implementation of this nascent
technology with questions regarding absolute quantifica-
tion, economic concerns of device cost and upkeep, and
issues regarding procedure reimbursement. 047105

SUMMARY
Skeletal involvement during cancer progression is directly
associated with poor outcome. Effective and long-lasting

Bone Research (2015) 15024

treatment of disseminated bone disease remains elusive,
compounding the health-care impact of this common site
of metastasis. The remodeling and destruction of bone at
these sites produce pain and nerve compression, fracture,
and hypercalcemia which together severely impact qual-
ity of life. Methods to image the presence and track the
progression of bone metastasis generally rely on indirect
visualization of bone activity, primarily through radiolo-
beled bisphosphonates for planar scintigraphic or tomo-
graphic RNBs.

Planar RNB reveal sites of active bone remodeling
associated with lesions, which can be identified and the
extent of the involved skeleton quantified. Sodium fluoride
PET, MR, and CT provide companion and alternative
methods to defect bone involvement in advanced dis-
ease. These techniques benefit from high sensitivity for
bone events but lower specificity for directly cancer-
related bone involvement. This lack of specificity is a prob-
lem exacerbated by the skeletal phenotype of the elderly
population that makes up the bulk of cancer patients,
possessing numerous benign but degeneratfive bone
and joint sites. Advanced methods are emerging which
include disease-specific targeted imaging agents, semi-
autfomated image processing and whole-body imaging
techniques.
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	Figure 2 Figure 2. Structure and binding of bisphosphonate ligands. Several bisphosphonate compounds have been investigated for RNB, each slightly different in vivo binding and clearance properties. These include: (a) 1-hydroxy-ethylidene diphosphonate (HEBP or etidronic acid); (b) hydroxymethylene diphosphonate (HMDP); and the most widely used (c) methylene diphosphonate (MDP or medronic acid). When complexed with the single-photon emitting 99mTc radionuclide, binding to bone is mediated by physicochemical adsorption to hydroxyapatite, shown in (d) for 99mTc-MDP.
	Figure 3 Figure 3. Single-photon emission computed tomography. Squat view (pelvic scan) of prostate cancer patient. There is normal, diffuse physiologic uptake in the pelvis and axial skeleton with more focal uptake in left inferior pubic ramus confirmed by follow-up pelvic SPECT/CT scan. Sclerotic lesion was identified in the same region on dedicated CT scan. Findings are compatible with osseous metastases. Intense activity in the central pelvis represents normal activity in the bladder.
	Figure 4 Figure 4. 18F-NaF PET/CT. 82-year-old patient with prostate cancer and elevated PSA who underwent an 18F-NaF PET scan. (a) Maximum intensity projection image (an orthographic projection of the three-dimensional data set). Multiple foci of increased uptake in the axial and appendicular skeleton detected. (b) PET and (c) CT coronal slices show selection plane for (d) fused PET/CT (through spine). After thorough review of the CT, most of these lesions were found to represent degenerative changes.
	Figure 5 Figure 5. Metabolic and surface receptor-targeted agents. Many tracers are in development for direct targeted detection of cancer cells in advanced disease. Established in current clinical practice are: (a) 18F-fluorodeoxyglucose (18F-FDG) which accumulates in some cancer types due to metabolic requirements; (b) 131I- &hairsp;and 123I-metaiodobenzylguanidine (MIBG) which is taken up in pheochromocytoma and neural crest tumors; and (c) radiolabeled somatostatin analogs (such as 68Ga-DOTATATE shown) which bind to upregulated somatostatin receptor type-2 on the cell surface.
	Figure 6 Figure 6. 18F-FDG PET/CT bone metastasis. 18F-Fluorodeoxyglucose (FDG) is the most widely used PET tracer. Taking advantage of the upregulated glycolytic demands of many forms of cancer, the tracer is trapped in metabolically active cells. As such, glucose-avid bone lesions can be readily identified, as seen in this lymphoma patient. (a) Axial 18F-FDG PET acquisition with (b) corresponding axial CT and (c) fused hybrid image. 18F-FDG uptake here is associated with subtle lytic foci compatible with metastatic disease.
	Figure 7 Figure 7. 123I-MIBG-targeted tracer uptake. Targeted imaging of metastatic pheochromocytoma with 123I-MIBG (24 hours after injection) reveals widespread metastatic disease using planar g-camera imaging. Osseous metastases are seen in the pelvis, left femur, right orbit, and right shoulder. Normal physiologic activity is seen in the salivary glands, liver, and heart.
	Figure 8 Figure 8. Diffuse skeletal uptake on bone scan: the superscan pattern. Anterior and posterior g-camera planar scans with 99mTc-MDP demonstrate diffuse uptake of tracer axial and appendicular skeleton in a patient with prostate cancer. The kidneys and soft-tissues are well visualized, however windowing of the image epitomizes the much higher skeletal uptake. These findings are consistent with a superscan pattern.
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