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Abstract

Computed tomography (CT) is routinely used to diagnose and evaluate metastatic lesions in oncology. CT alone suffers
from lack of sensitivity, especially for skeletal lesions in the bone marrow and lesions that have similar attenuation profiles
to surrounding bone. Magnetic resonance imaging and nuclear medicine imaging remain the gold standard in evaluating
skeletal lesions. However, compared to CT, these modalities are not as widely available or suitable for all patients. Dual
energy computed tomography (DECT) exploits variations in linear attenuation coefficient of materials at different photon
energy levels to reconstruct images based on material composition. DECT in musculoskeletal imaging is used in the imaging
of crystal arthropathy and detecting subtle fractures, but it is not broadly utilized in evaluating infiltrative skeletal lesions.
Malignant skeletal lesions have different tissue and molecular compositions compared to normal bone. DECT may exploit
these physical differences to delineate infiltrative skeletal lesions from surrounding bone better than conventional monoen-
ergetic CT. Studies so far have examined the utility of DECT in evaluating skeletal metastases, multiple myeloma lesions,
pathologic fractures, and performing image-guided biopsies with promising results. These studies were mostly retrospec-
tive analyses and case reports containing small samples sizes. As DECT becomes more widely used clinically and more
scientific studies evaluating the performance of DECT are published, DECT may eventually become an important modality
in the work-up of infiltrative skeletal lesions. It may even challenge MRI and nuclear medicine because of relatively faster
scanning times and ease of access.
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Introduction

Computed tomography (CT) is widely available in most
clinical settings and has a relatively fast scan time. Many
patients with cancer undergo CT examination as part of their
oncologic care, and it is an invaluable modality in disease
staging. Conventional monoenergetic CT, however, lacks
sensitivity in screening for skeletal lesions, especially in
metastatic lesions that are largely confined to the marrow
space [1, 2], masked by the more highly attenuating corti-
cal and trabecular bone. A meta-analysis found CT to have
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lower sensitivity (72.9%) compared to magnetic resonance
imaging (MRI) (90.6%), positron emission tomography
(PET) with CT (89.7%), and technetium-99 bone scintig-
raphy (86%) in detecting skeletal metastasis [3]. However,
bone scintigraphy, though highly sensitive, can suffer from
lack of specificity [4]. MRI can be relatively time-consum-
ing when compared to CT and is not suitable for patients
with claustrophobia or MRI incompatible aneurysmal clips,
pacemakers, and defibrillators. PET-CT is limited by its low
resolution in defining the margins of osseous lesions [5].
Dual energy CT technology was first investigated in 1976,
not long after the invention of CT [6]. Practical clinical use
of DECT was not realized until 2006 [7]. Current clinical
uses of DECT have become more widespread [8]. In mus-
culoskeletal imaging, DECT is used in the evaluation of
crystal arthropathy, detection of subtle fractures not discern-
ible on conventional CT, and metallic artifact reduction [9].
DECT is however, not commonly used in the evaluation of
infiltrative skeletal neoplasms and metastasis. This review
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summarizes current knowledge and research findings on the
potential clinical applications of DECT in the detection and
characterization of malignant skeletal lesions.

Dual energy CT technology

Conventional monoenergetic CT utilizes a spectrum of X-ray
photons centered around a single peak and exploits differ-
ences in the material attenuation coefficients to generate
images. However, materials with different elemental compo-
sitions may have similar attenuation coefficients at a single
energy peak. In DECT, additional attenuation information
is gathered from more than one X-ray energy peak. This is
used to determine the chemical composition of materials
based on the different degrees of X-ray attenuation over an
energy spectrum that is influenced by the atomic weights and
electron densities [8]. A spectral plot of attenuation coeffi-
cients of iodine, bone, and water varying with X-ray energy
is shown in Fig. 1. At 100 keV, bone and soluble iodine
has similar attenuation coefficients. At 50 keV however, the
attenuation coefficients differ significantly due to the differ-
ence in K-edges [8, 10]. DECT exploits differences in both
attenuation coefficient and material composition to generate
clinically useful images [11].

Studies to date that have used DECT in the evaluation
of skeletal lesions have mostly used reconstructions in the
form of virtual non-calcium (VNCa), water-hydroxyapatite
(water-HAP) material decomposition, and iodine differentia-
tion maps. In VNCa images, acquired spectral data identifies
and replaces calcium with a virtual CT number as close to
the expected CT number, without calcium contributing to
the total linear attenuation [12]. This results in better defini-
tion of bone marrow structure [13]. Skeletal lesions associ-
ated with bone marrow edema can be delineated on VNCa

Fig.1 Linear attenuation coef-
ficient (1) of bone, water, and of
iodine, based on data from the
National Institute of Stand- \
ards and Technology [10]. At
50 keV, attenuation difference
between iodine and bone is 10
0.8078 cm™! (§). At 100 keV,

this difference is 0.0087 cm™ u(cm1)
H 1
0.1
0.01
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imaging [14]. In water-HAP material decomposition maps,
spectral information of water and hydroxyapatite is used to
map areas of increased water concentration, while suppress-
ing bone [15]. With iodine contrast-enhanced DECT, iodine
density mapping is used to quantify iodine uptake in tissue
[16].

Skeletal metastasis

Bone is the third most common site for metastasis in cancer
patients, resulting in painful and debilitating sequelae [17].
Skeletal metastasis is associated with advanced stages of
cancer and a generally poor prognosis [18, 19]. Detection
of skeletal metastasis is therefore vital for clinicians to tai-
lor appropriate treatment and prevent further complications
such as pathologic fractures [20]. Skeletal metastasis can
be osteolytic, osteoblastic, mixed, or within bone marrow
[15, 20, 21]. Metastatic lesions that neither destroy bone
nor produce osteoblastic changes are not easily detectable
with conventional CT. These lesions, which mainly involve
the bone marrow, account for almost a third of all skeletal
metastasis [22—24]. In a retrospective study of 2000 cases of
skeletal metastasis, 41 cases were not detectable on CT but
found on PET [22]. Staging and/or management had been
affected in 29 of these 41 cases because of positive PET
findings.

At the time of writing, we have identified a small number
of retrospective reviews, one animal and one phantom model
study that have studied the utility of DECT in evaluating
skeletal metastasis, mostly with small patient numbers. MRI,
bone scintigraphy, and occasionally histopathology were
used as gold standard comparisons. This section discusses
results from these studies, and key findings are summarized
in Table 1.
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Table 1 Key findings from studies examining DECT in diagnosing metastatic skeletal lesions

Reconstructed images Features

Virtual non-calcium (VNCa)

e Increased lesion attenuation on VNCa images [12, 25]

e Color-coded bone marrow maps increased sensitivity of detection [25]
e Low calcium suppression maps show improved sensitivity of detection compared to monoenergetic CT [12]

Todine density map

e Increased iodine density in metastatic bone lesion compared to that in normal bone. With a threshold of

iodine density of 4.5 mg mL ™, sensitivity of detecting metastasis increased to 90.7% [16]
o Steeper slope of the iodine density spectral curve in regions of soft tissue infiltration compared to soft tis-

sue edema [5]

Hydroxyapatite-water decompo-
sition images

e Improved sensitivity of detection compared to monoenergetic CT [15, 26]
e Heterogeneous increase of water concentration in sclerotic and mixed type cortical bone metastasis, and

homogeneous increase in bone marrow metastasis [15]

Calcium suppression in DECT used to generate VNCa
images had been used for detecting bone marrow edema in
vertebral fractures [27]. Images with higher calcium sup-
pression index were found to detect bone marrow edema in
fractures better. In the setting of iodine contrast-enhanced
DECT, reconstructed images using lower calcium suppres-
sion indices were found to be more sensitive for detecting
skeletal metastasis, which appeared as more hyperattenuat-
ing compared to surrounding tissue in VNCa images. In a
retrospective study consisting of 21 patients with MRI-con-
firmed vertebral metastasis, the detection accuracy of iodine
contrast-enhanced multi-level VNCa images was compared
to conventional monoenergetic CT [12]. Images were recon-
structed with low, medium, and high calcium suppression
index. Low and medium calcium suppressed images were
found to be more discriminatory of metastatic versus normal
bone, as compared to high calcium suppressed images and
conventional imaging. The sensitivity of detecting skeletal

metastasis on low calcium suppressed images was also better
(85%) compared to monoenergetic CT (78%). The authors
attributed this finding to the similar attenuation profiles
of calcium and iodine. In image maps reconstructed with
higher calcium suppression levels, iodine was suppressed
as well, and this decreased the iodine enhancement of met-
astatic lesions. In another small retrospective study, color
mapping of bone marrow improved sensitivity of detecting
skeletal metastasis from 78.2% on conventional CT to 89.8%
[25]. The authors emphasized the importance of correla-
tion with monoenergetic CT images, as two solely cortical
lesions in the study were missed on the bone marrow color
map images. Figure 2a—c and Fig. 2e—g are DECT images
from our institute obtained on a patient with small cell lung
cancer. The images illustrate the appearances of a L1 pedicle
metastatic lytic lesion compared to T10 degenerative end
plate erosions. Color-coded VNCa overlay reconstructions
are shown in Fig. 2c and Fig. 2g. PET-CT axial images

Fig.2 Axial contrast-enhanced CT scan of a woman in her 60 s with
small cell lung cancer metastasis. Right L1 pedicle metastasis (thick
hollow arrow) in a bone window, b soft tissue window, and ¢ color-
coded VNCa overlay showing increased attenuation in the lesion
(appearing green) and the d PET-CT performed 7 months earlier.

Comparative appearance of a T10 vertebra degenerative end plate
erosion (thin arrow) in the same patient in e bone window, f soft tis-
sue window, and g color-coded VNCa overlay showing no increase in
attenuation and the appearance on the earlier h PET-CT at the level of
the T10 end plate erosion
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obtained 7 months earlier at the level of the L1 pedicle
metastasis and T10 degenerative endplate erosion are shown
in Fig. 2d and Fig. 2h, respectively.

In iodine contrast-enhanced DECT, iodine maps and den-
sity quantification can be useful in detecting skeletal metas-
tasis. In a retrospective review of 702 metastatic lesions on
dual energy chest CT performed on 54 patients, bone-iodine
spectral segmented images identified 92.3% of metastatic
lesions that were initially confirmed on technetium-99 bone
scintigraphy [28]. Quantification of iodine density may
improve diagnostic accuracy further. In an animal study
using rabbit models implanted with tumor fragments, iodine
concentration was higher in areas of soft tissue infiltration
compared to areas with soft tissue edema [5]. The authors
were of the impression that tumor neovascularization and
higher tissue permeability result in increased iodine con-
trast leakage. The slope of the attenuation spectral curve in
regions of infiltrative lesions were greater compared to areas
of normal tissue. Figure 3a—c are DECT images with iodine
map reconstruction overlay from our institute obtained from
the same patient in Fig. 2. A spectral plot comparing skel-
etal metastasis to normal bone is shown in Fig. 3d. PET-CT
image obtained 7 months earlier at the level of the sternal
lesion is shown in Fig. 3e. In a retrospective study of 43
consecutive cancer patients with vertebral bone metastasis
compared to 40 cancer patients without bone metastasis,
iodine density was found to be higher in infiltrated bone
[16]. However, there was a significant overlap in the iodine
density ranges in both infiltrated and healthy bone. Iodine
density was also found to be reduced with increasing age and
decreasing bone mineral density in the study. An iodine den-
sity threshold of more than 4.5-5.0 mg mL~! was thought to
be discriminative of infiltrated bone.

Water-hydroxyapatite imaging in non-contrast DECT may
be useful in patients with iodine contrast allergies. Infiltra-
tive skeletal lesions often show hyperintense T2 and hypoin-
tense T1 signals on MRI, due to the higher water content
in tumor and replaced bone marrow compared to adjacent
normal bone [26]. This same physical property change can
be utilized on the water-HAP decomposition maps. In a
study using lumbar spine phantoms embedded with sim-
ulated tumors (bone meal powder and magnesium-doped
polyurethane rubber), a water-HAP material decomposition
algorithm was more sensitive for detecting isoattenuating
lesions compared to 70-keV virtual monoenergetic images
(94% versus 82%) [26]. A more recent study evaluated the
performance of water-HAP imaging in detecting skeletal
metastasis in patients with prostate cancer [15]. Compared to
normal bone, sclerotic and mixed type cortical bone metas-
tases resulted in heterogeneous water density increases, and
bone marrow metastasis resulted in a homogeneous water
density increase. An example of a water-HAP image map
from the study is shown in Fig. 4. Using water-HAP images
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to identify skeletal metastasis resulted in better diagnostic
sensitivities and specificities (100% and 100%, respectively)
compared to using 70-keV virtual monoenergetic images
(74.2% and 71.0%, respectively).

Multiple myeloma

The International Myeloma Working Group (IMWG) rec-
ommends whole-body MRI in all patients with myeloma
[29] as MRI can show infiltrative non-osteolytic lesions not
easily visible on monoenergetic CT. DECT may become an
important diagnostic and screening modality in multiple
myeloma patients with contraindications to MRI. A hand-
ful of studies have evaluated the utility of DECT in detecting
skeletal lesions and monitoring disease progression in mul-
tiple myeloma. These studies have examined using VNCa
imaging on usually small patient sample sizes with MRI as
the reference diagnostic gold standard. Table 2 summarizes
key findings from the current studies.

Qualitative image analysis on VNCa images has been
found to improve diagnostic yield compared to monoener-
getic CT alone. Like skeletal metastasis, myeloma lesions
appear hyperattenuating on VNCa images. A prospective
study examined using VNCa images with color-coded over-
lay maps to identify bone marrow lesions [30]. The study
comprised 34 patients with either multiple myeloma or
monoclonal gammopathy of unknown significance (MGUS)
who underwent DECT and MRI. There was improved sen-
sitivity of detecting bone marrow lesions on VNCa color-
coded overlay maps (91.3%) compared to standard mono-
energetic CT imaging (69.6%). Another prospective study
also found a higher sensitivity of detection on color-coded
bone marrow VNCa images, but only for non-osteolytic
bone marrow lesions (78.9%) compared to monoenergetic
CT (24.8%) [33]. The difference in detection sensitivity was
even greater for non-osteolytic diffuse infiltration patterns of
disease, with sensitivities of 75% on VNCa imaging com-
pared to 0% on monoenergetic CT. There was no difference
in detection sensitivity between the two types of imaging for
multifocal infiltration patterns. Figure Sa—c are non-contrast
DECT images with color-coded VNCa overlay reconstruc-
tion obtained from a patient with multiple myeloma at our
institute. Figure 5d is the axial diffusion weighted imaging
(DWI) MRI showing the location of the myeloma deposit in
the left posterior ilium.

More recent studies have utilized CT HU attenuation
numbers to further characterize patterns of infiltrative skel-
etal lesions in multiple myeloma. In a group of 53 consecu-
tive patients with known MGUS or multiple myeloma, the
mean VNCa attenuation values were —65.8 HU, 3.3 HU,
and — 13.3 HU for normal bone, focal infiltration, and dif-
fuse infiltration patterns, respectively [31]. The HU values
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Fig. 3 Axial contrast-enhanced CT scan of a woman in her 60 s with
small cell lung cancer metastasis to the sternum. a Equivocal find-
ings for a metastatic in the sternum on virtual monoenergetic CT
at 70 keV. b Image in soft tissue window. ¢ Iodine-no-water maps

differed significantly between the normal versus infiltrated
bone and in focal versus diffuse infiltrative patterns. Using a
threshold of more than — 35.7 HU for identifying diffuse pat-
tern lesions resulted in a detection sensitivity and specificity
of 100% and 97%, respectively. There were similar findings
in another prospective recruitment study, where regions
over diffuse vertebral infiltrative lesions on VNCa imaging

100
Energy (keV)

metastatic lesion
normal bone

reveals an increased focus of iodine uptake in the sternum (arrow).
d Spectral plot of the metastatic lesion compared to normal bone. e
Corresponding PET-CT showing the location of the sternal lesion

showed higher HU values compared to non-infiltrated ver-
tebra [32]. A similar threshold value of more than —37
HU was found to be 90.3% sensitive for detecting diffuse
infiltrative lesions. An earlier prospective study, however,
found higher mean VNCa HU values over areas of marrow
invasion, with values of 4 HU and — 3 HU, respectively, for
lytic and nonlytic lesions [33]. The differences in mean HU
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Fig.4 A man in his 70 s with prostate cancer. a Axial conventional
CT image shows no abnormal skeletal lesion in the T5 vertebra. b
Increased water density in the right transverse process of T5 vertebra
compared to the contralateral side in the water-HAP image. ¢ Poste-
rior view of bone scintigraphy showing metastasis to the right poste-

rior element of the T5 vertebra. Reprinted from open access Creative
Common CC BY license: MDPI Open Access Journals. Diagnostics
(Basel). Improved Diagnostic Accuracy of Bone Metastasis Detection
by Water-HAP Associated to Non-Contrast CT, Ishiwata et al. [15]

Table 2 Key findings of the appearances of multiple myeloma skeletal lesions on DECT

Utility of VNCa imaging in multiple myeloma Findings from studies so far

Detecting lesions

e Regions of infiltrative vertebral lesions had higher VNCa CT HU values compared to normal

bone [30-32]. Using a cut-off of more than —37 HU and —44.9 HU, the sensitivities of detect-
ing infiltrative lesions were 90.3% and 93.9%, respectively [30, 32]

e Color-coded VNCa images improved sensitivity of detecting bone marrow involvement [30],
with a higher sensitivity of detection for diffuse patterns of infiltration [33]

o DECT could not distinguish between red marrow reactivation and lesions from multiple

myeloma [13]
Differentiating patterns of infiltration

o Average attenuation values over regions of focal and diffuse patterns were 3.3 HU and — 13.3

HU, respectively, compared to —65.8 HU in normal bone [31]
o Using a threshold of more than —35.7 to—37 HU results in a higher sensitivity for differentiat-
ing diffuse infiltration versus normal bone [31, 32]

Determining stage of disease

e Mean VNCa HU difference between skeletal lesions and background bone marrow was higher

in active (35 HU) versus inactive disease (16 HU) [34]
o On VNCa images, mean CT HU values over lesions negatively correlated with MRI T1W

intensity [32, 34]

o Patients with infiltrated vertebral bone marrow that show more uniform tissue structure and
higher CT attenuation on texture analysis correlated with increased medullary infiltration on
histopathology and more advanced stages of disease [35]

values found in these various studies were most likely due
to different scan technologies and protocols.

Attenuation values on VNCa imaging correlates with dis-
ease activity in multiple myeloma. This may be useful for
clinicians when monitoring treatment response. A recent ret-
rospective study analyzed 103 axial skeletal focal osteolytic
lesions in 32 patients [34]. The mean attenuation difference
between regions of osteolytic lesions and surrounding nor-
mal bone marrow was determined on VNCa imaging and
found to be higher in active disease (35 HU) compared to
inactive disease (16 HU). Signal intensity on T1-weighted
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MRI is known to be useful in monitoring disease progres-
sion in myeloma patients. In two studies, VNCa HU values
negatively correlated with T1-weighted MRI signal intensity
[32, 34].

Texture analysis on VNCa imaging was found to cor-
relate with disease burden in multiple myeloma. In a ret-
rospective study of vertebral lesions in 110 patients who
underwent whole-body DECT, texture analysis with a radi-
omics software was performed [35]. The texture analysis
included examining “first-order features” that described the
distribution of voxel intensities within the image region and
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Fig.5 Axial non-contrast
DECT examination in a male
patient in his 60 s with multiple
myeloma in a bone window, b
soft tissue window, and with

¢ color-coded VNCa overlay
showing the areas of myeloma
deposit (thick hollow arrow) in
the left posterior ilium which
appears as an area of increased
attenuation (green on the
color-coded overlay), compared
to an area of osteopenia (thin
arrow, appearing mostly blue)
in the right posterior ilium that
was initially suspected to have
myeloma deposits as well. d
Axial DWI MRI with a b value
of 800 s mm™2 obtained on the
same patient shows myeloma
deposits in the left posterior
ilium, but not the right posterior
ilium

“second-order features,” also known as cluster prominence,
which measured skewness and asymmetry of the gray-level
co-occurrence matrix. Patients with more advanced stages
of disease had higher first-order features and lower second-
order features. Other first- and second-order subfeatures
also correlated with serum-free light chains (SFLC), kappa/
lambda SFLC ratio, and bone marrow myeloma infiltration
on histopathology. The researchers concluded that multiple
myeloma patients with infiltrated vertebral bone marrow that
showed more uniform tissue structure and had higher CT
attenuation on VNCa texture analysis correlated with histo-
logically proven increased medullary infiltration and more
advanced stages of disease.

A potential limitation of utilizing VNCa maps in evaluat-
ing multiple myeloma is a consequence of the DECT algo-
rithm for three-material decomposition of images into bone
mineral, yellow marrow, and red marrow. Red marrow can
be represented either by plasma cell infiltration or eryth-
ropoietic reactivation in patients with multiple myeloma
[13]. Therefore, VNCa imaging cannot distinguish between
neoplasms or reactivated red marrow and will work best
when imaging bone containing mostly fatty marrow [36]. As
such, false-positive detection of multiple myeloma lesions
on DECT may be a significant limitation [30].

Pathologic versus non-pathologic fractures
Pathologic fractures are complications of infiltrative

skeletal lesions and metastasis. These are associated
with debilitating pain, high morbidity, and a 20-30%

decreased survival [37, 38]. Hence timely diagnosis is
crucial. However, differentiating between fracture hema-
toma and infiltrative osseous lesions on conventional CT
can be challenging. Methods in treating pathologic versus
non-pathologic fractures are different. Orthopedic sur-
geons will often require CT in the work-up of pathologic
fractures, as they provide valuable anatomic information
for surgical planning. CT is also useful for determining
the presence of other adjacent metastatic lesions which
can interfere with the placement of internal fixation. In the
after-hours setting, CT tends to be more easily accessible
compared to MRL.

Features on conventional CT such as endosteal scallop-
ing, periosteal reaction, soft tissue masses, and transverse
fracture lines are reportedly useful in differentiating non-
pathologic and pathologic fractures [39—41]. The presence
of these features on conventional monoenergetic CT range
greatly from 36 to 84% and suffer from poor interobserver
agreement [42]. In a small retrospective review, colored
bone marrow maps on DECT were used to analyze char-
acteristics of 15 pathologic fractures in 11 patients [43].
Pathologic fractures had significantly higher HU attenu-
ation values on the bone marrow maps compared to non-
pathologic fractures (4.89 versus — 286.2). This difference
was not observed on the virtual monoenergetic CT images.
There have been no further studies that have evaluated this
HU attenuation difference, and therefore, no known cut-off
HU value on VNCa image maps that is known to differen-
tiate between pathologic and non-pathologic fractures. It
is therefore unknown if VNCa image maps on DECT can
be clinically useful for this purpose. Further studies with
larger numbers will be needed.
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Differentiating malignant neoplasms
from other benign lesions

Patients with cancer who are often elderly as well tend
to undergo serial radiologic examinations as part of sur-
veillance and/or assessing treatment response. Incidental
findings when imaging elderly patients are common. It
can be challenging to differentiate malignant infiltrative
lesions from benign skeletal lesions. Two retrospective
studies have used water-bone—based decomposition images
and spectral curve analysis on DECT to differentiate these
lesions [44, 45].

Both Schmorl’s node and osteolytic metastasis are
characterized by low-attenuating vertebral lesions with
sclerotic margins. However, the physiological processes
behind the two lesions are different. Osteolytic metasta-
sis destroys and replaces bone, and metastatic tissue has
increased vascularity compared to normal tissue. There-
fore, osteolytic metastasis decreases bone but increases
water content [46]. In Schmorl’s node, the nucleus pul-
posus protrudes through the vertebral end plate into the
cancellous bone, gradually compressing bone, but not
significantly reducing bone content [44]. Water content
of Schmorl’s node is higher compared to a normal ver-
tebra, due to the presence of the water-rich nucleus pul-
posus [47]. In a retrospective study evaluating 110 verte-
bral lesions in 102 cancer patients who underwent DECT,
water- and bone-based material decomposition images
were used to evaluate differences between Schmorl’s nodes
and osteolytic metastases [44]. In both metastatic lesions
and Schmorl’s nodes, bone densities were lower and water
densities higher compared to normal vertebrae. When
metastatic lesions were compared with Schmorl’s nodes
however, water density was higher in metastatic lesions
(1009.2 mg cm~>) compared to that in Schmorl’s nodes
(892 mg cm™?), and average bone density of metastatic
lesions was lower (43.57 mg cm™) compared to that of
Schmorl’s nodes (174.6 mg cm™). The spectral character-
istics of metastatic lesions and Schmorl’s nodes were also
different. In virtual monoenergetic images below 100 keV,
the mean HU of Schmorl’s nodes was higher compared to
metastatic lytic lesions. The HU values at a lower energy
range on virtual monoenergetic images proved to be most
useful for differentiating the two lesions. Images recon-
structed at 40 keV resulted in an average attenuation val-
ues of 83.49 HU over regions of skeletal metastasis, com-
pared to 216.41 HU for Schmorl’s nodes.

Osteoblastic metastatic lesions can be challenging to
differentiate from bone islands (enostoses), as both appear
as focal hyperdense lesions with clear margins on mono-
energetic CT. Attenuation measurements may help distin-
guish between the two. Osteoblastic metastasis is favored

@ Springer

when a lesion has attenuation value below 885 HU on
conventional CT [48]. DECT may further characterize
these lesions using material decomposition. In a retro-
spective study of 94 patients with osteoblastic pulmonary
metastases, water- and bone-based decomposition images
were used to characterize osteoblastic metastases and bone
islands [45]. Compared to bone islands, osteoblastic lung
metastases had lower bone densities and higher water
densities. The spectral curve slope for osteoblastic metas-
tasis was also steeper. The authors suggested underlying
physiological processes as the reason for the differences
in DECT characteristics. Osteoblastic metastasis destroys
original bone, thus reducing bone but increasing water
content. In contrast, a bone island comprises normal corti-
cal bone within the cancellous vertebral body, hence con-
taining more bone but less water content than osteoblastic
metastasis.

DECT-guided biopsy

Bone lesion biopsy is usually performed under CT guid-
ance. Lesion localization is more straightforward if the
lesion appears as radiolucent or radiopaque in comparison
to the surrounding bone. However, when the target lesion
has the same attenuation profile as adjacent bone on conven-
tional CT imaging, the procedural radiologist will have to
use anatomic landmarks based on other imaging modalities
such as bone scintigraphy, PET, or MRI to guide the biopsy
needle to the appropriate position. DECT may be utilized to
increase the conspicuity of the lesion during the procedure,
thus potentially improving target localization and diagnostic
yield and reducing the need for repeat sampling.

A technical report publication described using DECT in
guiding bone biopsies on four patients [11]. Bone lesions
were identified on MRI and/or PET but not easily seen on
monoenergetic CT. DECT-guided biopsy was performed
with the aid of VNCa images. Lesions were localized to
regions of abnormal color-coding on the bone marrow
VNCa images that corresponded with prior PET or MRI
images. The authors reported beam-hardening artifacts from
the needle but used the beam artifact to direct the needle
trajectory (Fig. 6). Final VNCa images were obtained after
sampling to confirm that the needle intersected the lesion
of interest.

A more recent case report described the use of electron
density maps in DECT-guided biopsy of an iliac wing lesion
in a woman with breast cancer [49]. PET-CT and the VNCa
images were found to overestimate the dimensions of the
metastatic bone lesion. The biopsy took only 22 min. The
physical principle underlying electron density mapping is
based on the variation in Compton attenuation between dif-
ferent materials. Compton scatter is greatly influenced by
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Fig.6 Axial imaging of a patient with acute myeloid leukemia. a
T1-weighted spin echo fat-suppressed post-contrast MRI shows an
enhancing lesion in the posterior right iliac wing (arrow). b Axial
CT from the initial biopsy does not show the target lesion, with no
lesion cells identified at pathology. ¢ Axial DECT with three-mate-
rial decomposition algorithm for bone mineral, yellow marrow, and
red marrow, fused with a VNCa color map overlay demonstrates the
lesion. d Axial DECT color map with the needle on the surface of

electron density, which in turn is determined by the compo-
sition of atoms and intermolecular bonds [50]. Metastatic
lesions have higher cellularity compared to normal bone
marrow. Consequently, metastatic lesions also have higher
electron densities and attenuate X-rays by Compton scat-
ter more than the photoelectric effect. Therefore, the higher
cellular content on metastatic lesions compared to normal
bone marrow can be exploited on electron density maps to
delineate bone marrow lesions not easily apparent on mono-
energetic CT.

A possible downside to performing DECT-guided biopsy
might be the increased procedural time, due to additional
image post-processing required to obtain optimal images for
the procedure [51]. In the technical report of DECT-guided
biopsies performed on four patients, the authors reported
procedural time of more than 1 h for the first patient [11].
As the biopsy team became more comfortable with the tech-
nique and optimized imaging parameters, procedural times
were reportedly only slightly greater than the usual bone
biopsy times. Another issue to consider is radiation dose.
Using DECT to perform image-guided biopsy may result in

the posterior iliac wing directed toward the lesion shows beam-hard-
ening artifact (arrow). The orientation of the artifact indicates the
biopsy tract and can be helpful in directing needle advancement. The
final pathology report yielded acute myeloid leukemia. Reprinted by
permission from Springer Nature License and Copyright Clearance
Center: Springer. Skeletal Radiology. Initial experience with dual-
energy computed tomography-guided bone biopsies of bone lesions
that are occult on monoenergetic CT, Burke et al. [11]

increased radiation dose delivery compared to using conven-
tional CT. However, if less passes of the needle are needed,
the overall dose from DECT-guided biopsy may be similar
to, or possibly lower than, conventional CT-guided biopsy
[51]. Further research with larger patient sample sizes will
be needed to quantify the benefit and/or downsides of per-
forming DECT-guided biopsies of skeletal lesions.

Future directions

DECT has brought about features not previously seen with
monoenergetic CT. Photon counting detector technol-
ogy will likely advance CT imaging even further. At the
time of writing, the first photon counting dual energy CT
device NAEOTOM Alpha (Siemens Healthineers) had just
been approved by the US Food and Drug Administration
through the premarket clearance pathway [52]. Potential
benefits include higher resolution kernels, smaller noise
grain sizes, as well as providing stable Hounsfield units in
quantitative evaluation [53]. A recent case report evaluated
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the performance of an experimental photon counting CT
device in characterizing skeletal lesions of breast can-
cer patients [54]. Compared to images from conventional
energy integrating detector CT, there was less inter-reader
variability, and subjective improved visualization of lesion
margins when reviewers analyzed images from the photon-
counting detector CT. A combination of dual energy and
photon counting technology may change the way skeletal
lesions are visualized on CT in the future.

Conclusion

The role of CT in musculoskeletal imaging has diversified
with dual energy technology. Currently, studies that have
evaluated the performance of DECT in imaging malignant
skeletal lesions have been mostly retrospective in nature,
performed on small patient sample sizes. These studies have
examined the utility of DECT in visualizing bone metas-
tases, multiple myeloma lesions, pathologic fractures, and
image-guided biopsies. There is currently no consensus on
how skeletal lesions are characterized on DECT. Larger
comparative studies and potentially evaluating the combi-
nation of photon counting and dual energy technology will
be key to extracting the untapped potential of CT in muscu-
loskeletal imaging.
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