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Introduction

In this communication, we have explored the role of modern
imaging modalities in investigating skeletal involvement by
cancer. Obviously, detecting and characterizing disease sites
at early stages are most desirable for the early and accurate
assessment of disease activity. Based on the differences in
physical and biological principles of each of these imaging
modalities, they can be broadly categorized into two groups:
those that detect the disease sites at the “bone marrow” (BM)
level and those that rely on indirect evidence including
osteoblastic reaction after invasion of the surrounding bone
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by the pathologic process. We further subclassify the first
group of methodologies into two categories: those that
visualize lesions as negative focal marrow defects as seen
on BM scintigraphy (BMS) or MRI, and those that are based
on targeting of abnormal tissue directly such as with
fluorodeoxyglucose (FDG) positron emission tomography
(PET) imaging. The emergence of the latter method com-
bined with whole-body tomographic imaging has truly
revolutionized diagnosis and staging of patients with cancer
and other serious disorders. This is particularly true for
FDG-PET imaging, which is now commonly employed. It
is imperative to understand the significance and implications
of the osseous abnormalities visualized by FDG-PET as
opposed to those seen by either structural (CT or MRI) or
other functional imaging modalities (bone scintigraphy).
Inappropriate interpretation of the results from these dis-
tinctly different types of imaging studies has resulted in
misunderstanding of the optimal utility of different ap-
proaches. In this communication, we shall make an effort to
clarify the underlying concepts that are related to this subject
and the controversies that are reported in the literature.

For years, functional imaging with bone scintigraphy has
been utilized as the initial imaging modality to screen the
skeleton for metastatic disease. Because of its widespread
availability, low cost, relatively high sensitivity, and ability
to evaluate the entire skeleton in a single examination,
this technique has been quite effective in many settings.
However, as the role of FDG-PET in the management of
patients with cancer and other disorders is becoming well
established, the role of conventional bone scintigraphy and
similar imaging techniques is being questioned in this
setting [1, 2]. The principles by which these modalities
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visualize sites of abnormalities in the skeletal structure
should be taken into consideration in this context. The same
is also applicable to other tests such as BMS, '®F-Fluoride
PET, CT, and MRI. Therefore, understanding the strengths
and weaknesses of these imaging modalities is critical for
their optimal utilization in the evaluation of patients with
skeletal disease. In this scientific exchange, we will focus
our discussion mainly on the comparative results in the
literature and the relevant issues related to bone scintigra-
phy, BMS, and FDG-PET with regard to the assessment of
osseous metastatic disease. The roles of CT and MRI will
also be briefly discussed in this commentary.

Pathophysiology of skeletal metastasis
and its implications for imaging skeletal involvement

Skeletal metastasis usually occurs by seeding of tumor
emboli through the bloodstream, but can also occur via
retrograde venous flow [3] or direct extension. Seeding via
the hematogenous route takes place in the red marrow,
which accounts for the distribution of skeletal metastases in
red marrow-predominant sites in patients with cancer. After
seeding of the malignant cells in the red marrow, the
surrounding bone is remodeled by both osteoblasts and
osteoclasts. The relative degree of resultant osteoclastic and
osteoblastic remodeling is highly variable (depending on
the tumor biology and local homeostasis) and determines
whether a predominantly lytic, sclerotic, or mixed pattern
will be noted on radiographic studies. Therefore, bone
scintigraphy or radiological studies only provide indirect
evidence for tumor activity, which is mainly dependent
upon local osteoblastic/osteoclastic remodeling. In contrast,
FDG-PET directly images tumor cells based on their meta-
bolic activity. Hence, in theory, metastatic disease foci should
be detectable by FDG-PET earlier than by conventional bone
scintigraphy. In addition, FDG-PET has the advantage of
providing information about the primary tumor site, the state
of lymph nodes, and metastases to other organs during a
single whole-body study.

It is important to recognize the patterns of hematopoietic
red marrow vs fatty yellow marrow distribution at different
age groups and the changes that take place with different
disease states [4]. At birth, virtually all marrow is hema-
topoietic. Conversion of red marrow to yellow marrow with
advancing age begins in the distal bones and eventually
leads to substantial disappearance of hematopoietic tissues
from the extremities. In adults, hematopoietic BM is confined
to the axial skeleton (skull, vertebrae, ribs, sternum, and
pelvis) and proximal portions of the humeri and femora. By
now, it has been established that more than 90% of skeletal
metastases are noted in the distribution of hematopoietic
BM [5, 6]. Therefore, in adults, the axial skeleton is the
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most common site of early metastatic disease. In contrast,
the extremities, which mainly contain yellow marrow, are
typically spared.

Disseminated tumor cells in the BM have been shown
to be present in a significant proportion of patients with
early-stage malignancies. Recent literature [7] demonstrates
that disseminated tumor cells in the BM usually evolve
from circulating tumor stem cells, which adhere to the
endothelial cells lining the blood vessels in the BM and
subsequently extravasate into the BM space. The expres-
sion of CD44, a hyaluronic acid (HA) cell surface receptor
has been implicated in this process. Only when the cancer
cells secrete proteolytic enzymes at the endosteal surface
or within the bone matrix, the degradation of bone matrix
ensues. A study by Hill et al. [8] demonstrated the fact that
HA-induced CD44 signaling in breast cancer cells activates
the transcription of genes for proteolytic enzymes (e.g.,
matrix metalloproteinase-9 and cathepsin K). The release of
tumor growth factor-beta (TGF-[3) and other growth factors
from the bone matrix further increases the growth and col-
onization of the malignant cells. In addition to this, TGF-f3
also enhances the production and release of other growth
factors (e.g., parathyroid hormone-related protein) from the
cancer cells, which plays an important role in stimulating
osteoclasts and thereby leads to further degradation of the
bone matrix.

Comparison among different imaging approaches
designed for detecting bone marrow metastasis
vs osseous abnormalities after metastatic spread

Bone scan and bone marrow scintigraphy

Bone scintigraphy has commonly been used for evaluation
of skeletal metastases. However, metastases that are
associated with minimal reactive bone formation because
of poor blood supply or are confined to the BM only can be
missed with this approach. Therefore, over the past three
decades, a number of investigators have assessed the utility
of BMS (in addition to bone scanning) for depicting
skeletal metastases. Images generated by BMS using large
colloid particles are suboptimal for this purpose, but those
acquired by utilizing °*™Tc-nanocolloid (**™Tc-NC) or
9mTe-antigranulocyte antibody (**™Tc-AGAb) with sub-
stantially smaller particle size are reported to be superior to
bone scintigraphy for depicting a variety of metastases.
Most investigators agree that BMS, using either **™Tc-NC
or ?™Tc-AGAD [9, 10], reveals more lesions than bone
scans in patients with lung [11-13], breast [14], renal, or
bladder cancer [13].

Focal marrow defects are regarded as the major evidence
for detecting a metastatic lesion with BMS [13, 15]. As a
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result of the nonspecificity of this criterion, false-negative
findings have been seen in patients with cancer in locations
that are devoid of hematopoietic marrow after irradiation
or at the peripheral skeleton, which contain minimal red
marrow. In addition, there is superimposition of sites of
99MTe-NC uptake in the red marrow with that of the retic-
uloendothelial system in the liver and spleen. Moreover,
BM defects on BMS are not specific for metastases, as
benign disorders can result in identical imaging findings
to those from malignant diseases. Such benign disorders
include focal fatty degeneration of the marrow, Paget’s
disease, BM infarction, and some benign tumors including
hemangioma or lipoma [15-18]. Detection of marrow defects
without concordant abnormalities on bone scintigraphy
resulted in a false-positive rate of 21% [19]. No significant
scintigraphic differences have been observed on BMS
between patients who have received chemotherapy and
those who have not [20]. This suggests that chemotherapy-
induced marrow suppression is unlikely to cause focal
marrow defects on BMS in patients with lymphoma.

The red marrow activity expands peripherally into the
appendicular skeleton as the extent of metastatic disease in
the axial skeleton increases with advancing disease. Again,
this phenomenon alone does not appear to be a reliable
indicator of widespread metastases in the axial skeleton.
This type of marrow expansion is observed in 50% of
patients without metastases, while only 75% of patients
with metastases demonstrate this pattern. This may also be
observed after chemotherapy and the administration of
marrow-stimulating drugs in such settings. Although the
efficacy of BMS has been reported several times in various
studies in the literature, it has never been practically incor-
porated into routine clinical practice because of the short-
comings enumerated above.

Magnetic resonance imaging

MRI has been described as a promising imaging modality
to assess BM disease before bone remodeling ensues. With
MRI, metastatic seeding in the BM is typically characterized
by long T1 relaxation and variably increased T2 relaxation
times, depending on tumor composition. Metastases typi-
cally appear as focal or diffuse areas of hypointensity on
T1-weighted images and areas of intermediate to high signal
intensity on T2-weighted images. Furthermore, metastatic
deposits typically appear hyperintense against a dark back-
ground of suppressed fat signal intensity on short-tau
inversion recovery (STIR) images. MRI can also be used
to characterize the nature of abnormal findings detected
on BMS such as degenerative changes, hemangioma, or
lipoma. In recent years, several reports have documented
that MRI is more sensitive than bone scintigraphy in the
detection of metastases [21-25] as it can depict early

hematogenous dissemination of tumor to the BM before
reactive bone formation is detected by scintigraphy. How-
ever, the imaging features of metastases on MRI is not
always specific for metastases, which may limit the utility
of MRI to screen for the presence of BM metastases [26,
27]. The use of whole-body MRI to screen the skeleton has
long been regarded as impractical, although in the recent
past, Steinborn et al. [28] reported that this is feasible by
using a whole-body MRI protocol consisting of T1-weighted
and T2-weighted STIR sequences applied in different
anatomical positions to cover the whole skeleton. This study
reported sensitivities of 91.4 and 84.8% for MRI and skeletal
scintigraphy, respectively, for the detection of skeletal in-
volvement. Similar results were reported by Eustace et al.
[21] who reported superior results with MRI (sensitivity,
96.5%, specificity, 100%; positive predictive value, 100%)
compared to bone scintigraphy (sensitivity, 72%; specific-
ity, 98%; positive predictive value, 95%).

CT scan

CT has been typically used to characterize focal abnormal-
ities seen on bone scintigraphy that cannot be detected by
planar radiographs. It has also been useful to guide needle
biopsies for lesions in the vertebrae and to plan therapeutic
interventions. However, the utility of CT to detect early
metastatic deposits in the BM is limited. Furthermore, CT
delivers a relatively high radiation dose to the marrow and
reproductive organs, which makes it unsuitable as a whole-
body screening examination for the detection of metastatic
lesions. In addition to its relatively low sensitivity for small
intramedullary lesions, some more advanced destructive
lesions of the cancellous bone may not always be visible on
CT images, particularly in the absence of reactive bone
formation or cortical destruction. In one study [29] that
retrospectively evaluated lesions by CT performed as part
of a combined PET/CT examination in patients with sus-
pected osseous metastatic lesions, morphologic changes on
CT were observed in just half of the cases of true-positive
BM metastases seen with FDG-PET. It was also noted
that subtle changes on CT were common but presented a
definitive diagnosis of a metastasis in only two thirds of
suspected lesions seen on FDG-PET.

Therefore, the role and shortcomings of various imaging
modalities in assessing malignant skeletal involvement
should be reassessed by taking into account successes that
have been achieved by employing FDG-PET imaging over
the past decade. However, in light of recent developments
with regard to whole-body imaging with MRI, the role
of PET-CT needs to be further assessed in the future. In
addition, the introduction of PET-MRI as an option for
screening the whole body may further enhance the role
of combined use of these two powerful modalities.
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Emergence of FDG-PET as a powerful modality
for assessing skeletal involvement by metastatic disease

Tumor cells have a higher rate of glycolysis due to increased
activity of glycolytic enzymes and increased membrane
glucose transport. PET with FDG detects lesions directly
based on their degree of metabolic activity rather than by
altered anatomy. This is in contrast to BMS using other
tracers, where the normally functioning BM is visualized
and the diseased sites are seen as negative defects without
clear-cut evidence for disease activity. Compared to con-
ventional planar BMS, FDG-PET also provides precise
anatomic localization, higher spatial and contrast resolution
images of normal and abnormal sites, and accurate quanti-
fication of metabolic activity of imaged tissues [30-34].
FDG-PET provides high target-to-background contrast
ratios and therefore allows for detection of lesions with
high sensitivity. The uptake of FDG in the skeleton repre-
sents active hematopoietic marrow, and the pattern and
degree of uptake can vary depending on the patient age and
level of marrow function at the time of examination [35].
FDG-PET has shown efficacy for the detection of BM
metastases from several malignancies including lung car-
cinoma, breast carcinoma, and lymphoma [31, 36-42]. In
one study which included 145 patients with a variety of
malignancies, FDG-PET was found to be more sensitive
and specific compared with bone scintigraphy [38]. In
another report which describes the role of this technique
for detecting BM metastases in 257 patients with newly
diagnosed lung cancer, the accuracy, sensitivity and spec-
ificity of FDG-PET and bone scintigraphy were 94% vs
85%, 91% vs 75%, and 96% vs 95%, respectively [31].
Recent studies suggest that FDG-PET can provide infor-
mation regarding appropriate biopsy sites, improve staging,
increase accuracy for the assessment of therapeutic response,
and allow for optimal restaging in patients with aggressive
lymphomas [37, 39—41]. It also allows for measurement of
standardized uptake values (SUV), which reflect the rate of
glucose metabolism in lesions. This can provide informa-
tion regarding the degree of aggressiveness of a malignant
process and is useful for treatment planning and treatment
monitoring. The implications of FDG-PET to assess disease
burden have been extremely promising in multiple myelo-
ma [43-45], the most common primary BM malignancy in
adults. In one report, FDG-PET imaging, influenced clinical
management in 14.0% of patients with multiple myeloma.
The positive predictive value for active disease based on
FDG uptake was 100% in patients with focal or mixed focal/
diffuse disease, and 75% in patients with a diffuse uptake
pattern. Depending on the interpretation of the PET scans in
patients with diffuse BM uptake, the sensitivity ranged from
83.8% to 91.9% and the specificity ranged from 83.3% to
100%. FDG-PET thus proved highly accurate in detecting
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active sites of disease in multiple myeloma, and revealed a
greater extent of disease than that provided by radiography
in 60.9% patients who had osteolytic bone lesions. Thus,
FDG-PET might contribute to the diagnostic performance
of initial staging for solitary plasmacytoma [43, 44].

In a comparative study of 3 modalities (whole body MRI,
FDG-PET and skeletal scintigraphy) for detecting skeletal
metastasis, Daldrup-Link et al. [25] found sensitivities of
90% for FDG-PET, 82% for whole-body MRI, and 71%
for bone scintigraphy. FDG-PET appears to be particularly
useful when MRI is unable to differentiate between changes
that are related to treatment from those of residual or
recurrent tumor in a variety of malignancies.

With the emergence of '*F-fluoride as an optimal PET
tracer for imaging osseous abnormalities, it is likely that
the role of conventional skeletal scintigraphy with **™Tc
labeled phosphonates will diminish in the future. This tracer
is readily extracted from the target in the cyclotron and can
be used for clinical purposes with minimal quality assurance
efforts. The cost of producing '*F-fluoride is markedly lower
than that of other PET tracers, and will be competititve with
conventional bone imaging agents. While '*F-fluoride PET
is superior to conventional planar skeletal scintigraphy due
to its superior high spatial resolution and tomographic
approach, it theoretically suffers from certain shortcomings
when compared to FDG-PET. FDG-PET is highly effective
in identifying disease at an earlier stage when only the
BM is involved and before bone remodeling has occurred.
FDG-PET also allows for accurate quantification of meta-
bolic activity of disease sites. Therefore, FDG-PET may
obviate the need for bone scintigraphy with either single
emitting or positron emitting radiopharmaceuticals.

Shortcomings of FDG-PET to evaluate skeletal
involvement by metastatic disease: the current status

In spite of its strengths, FDG-PET has shortcomings that
need to be addressed. Cytokines employed for BM stim-
ulation may induce diffusely increased uptake in the BM,
which can mimic generalized marrow metastasis or mask
focal metastases on FDG-PET [46, 47]. However, the
timing of FDG-PET studies is critical in differentiating
between metastatic disease and stimulated BM. In general,
the metabolic activity of BM rapidly decreases 3 to 5 days
after cessation of cytokine therapy, although FDG uptake in
tumor sites may remain elevated for up to 4 weeks [46—48].
It has been suggested that FDG-PET should be delayed
for at least 2 weeks after completion of cytokine therapy.

It is interesting to note that a lower sensitivity of FDG-
PET is reported for sclerotic skeletal metastases, particularly
in prostate cancer, which predominantly produces this type
of skeletal metastasis. The reason for this is still unclear,
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although a plausible explanation is that sclerotic metastases
are relatively acellular and harbor only small amounts of
viable tumor cells, and therefore have low FDG uptake [49—
51]. It is well known that evidence for response to therapy
with bone scintigraphy in sclerotic bone lesions is nonspe-
cific, and therefore, active and inactive processes involving
bone remodeling may have the same degree of increased
radiotracer uptake. It is important to determine whether the
apparent lower sensitivity of FDG-PET in such clinical
settings is due to lack of disease activity at these sites. It
will be worthwhile to investigate the clinical significance
of FDG-PET-negative and bone scan-positive lesions in
patients with prostate cancer. Morris et al. [51] studied the
performance of FDG-PET imaging in progressive metastatic
prostate cancer and noted that all positive lesions represented
active disease sites on subsequent studies. They concluded
that FDG-PET can discriminate between active osseous
disease sites and scintigraphically quiescent lesions in these
patients. Post-treatment changes based on the SUV measured
on FDG-PET scans correlated well with the serum prostate-
specific antigen level. We believe that a head-to-head com-
parison of FDG and radiolabeled positron-emitting amino
acids (e.g., choline) or acetate (which has been shown to
accumulate in prostate cancer) should be carried out to
clarify the role of these radiotracers for the evaluation of
metastatic prostate cancer.

Similar observations have been made in breast cancer
[50] but to a lesser extent. For example, osteolytic breast
cancer metastases show increased FDG uptake, while
osteoblastic metastases show low FDG uptake and may
even be undetectable on PET images. The performance of
FDG-PET may therefore vary depending on the tumor type
and tumor biology. Increased FDG uptake may reflect
hypoxia-induced increased glycolysis in aggressive and
highly destructive lesions with an inadequate blood supply
[52, 53]. Future well-designed prospective studies are
necessary to provide some insight into tumor biology and
discrepancies noted among reports that have appeared in
the literature. It is conceivable that in patients with osteo-
blastic lesions, who have responded well to treatment, low
or no FDG uptake truly reflects response to treatment, and
bone scintigraphic abnormalities represent false-positive
results. The lower sensitivity of FDG-PET for sclerotic
metastases, such as in prostate cancer, is likely a reflection
of low glycolytic metabolism of viable tumor tissue within
the lesions [52, 53].

Overall implications of FDG-PET imaging of bone
marrow lesions for patient management

FDG-PET has recently emerged as a potentially useful
modality for the evaluation of BM involvement by various

malignancies. Before tumor invasion of the bone matrix
occurs, there are usually a substantial number of metabol-
ically active tumor cells in the BM, representing the initial
phase of skeletal metastases. This accounts for the superior
sensitivities of FDG-PET and MRI compared to skeletal
scintigraphy and CT in detecting early skeletal involvement
by metastatic disease. It is important to differentiate the
nature of lesions observed on FDG-PET and other tumor-
targeting agents from those seen with bone-seeking com-
pounds. As noted above, the mechanisms of localization of
these tracers are quite different, and therefore findings from
the diverse group of imaging techniques will have important
implications for patient management. A recent study [54]
investigating the BM status in 112 breast cancer patients
with NO or N1 disease (who had undergone BM aspiration
twice) demonstrated that tumor cells are present in the BM
in 83% of the cases at the time of primary surgery, and this
was reduced to 24%, 12 months after initiation of adjuvant
systemic therapy. This supports the concept that systemic
treatment is effective in reducing the number of tumor cells
in the BM. The results from other large-scale studies also
suggest that systemic treatment can lead to survival benefit
by eradicating occult metastases when they are confined to
BM. In contrast, overt bone matrix involvement has been
usually considered as incurable. Further studies are war-
ranted to investigate this differential response to systemic
therapy when metastases are mainly confined to the BM
compared to those that involve the bone matrix. This would
further enhance the role of metabolic imaging of BM
metastases by FDG-PET in various malignant disorders.

In conclusion, the principles of diagnosis of skeletal
involvement by cancer and related pathologies need to be
clearly defined based on the observations that have been
made with modern molecular techniques such as PET and
possibly MRI in recent years. It is clear that red marrow is
the primary site of initial spread of cancer to the skeleton
and with time, and in advanced stages of the disease, the
bony structures will be affected. Therefore, relying on
imaging techniques that are designed to detect osseous
abnormalities including conventional scintigraphy and CT
will no longer provide a state-of-the-art approach for man-
aging patients with suspected skeletal metastases. Although
whole-body MRI with recent advances may allow screening
the entire body for marrow lesions, it may not provide an
advantage over FDG-PET. FDG-PET imaging also appears
to be superior to MRI and CT for detecting lesions outside
the skeletal system. Further studies may be required to
confirm this impression in the near future.
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