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Abstract

Objectives To compare observer performance of detecting bone metastases between bone scintigraphy, including planar scan and
single-photon emission computed tomography, and computed tomography (CT) temporal subtraction (TS).

Methods Data on 60 patients with cancer who had undergone CT (previous and current) and bone scintigraphy were
collected. Previous CT images were registered to the current ones by large deformation diffeomorphic metric mapping; the
registered previous images were subtracted from the current ones to produce TS. Definitive diagnosis of bone metastases
was determined by consensus between two radiologists. Twelve readers independently interpreted the following pairs of
examinations: NM-pair, previous and current CTs and bone scintigraphy, and TS-pair, previous and current CTs and TS.
The readers assigned likelihood levels to suspected bone metastases for diagnosis. Sensitivity, number of false positives
per patient (FPP), and reading time for each pair of examinations were analysed for evaluating observer performance by
performing the Wilcoxon signed-rank test. Figure-of-merit (FOM) was calculated using jackknife alternative free-response
receiver operating characteristic analysis.

Results The sensitivity of TS was significantly higher than that of bone scintigraphy (54.3% vs. 41.3%, p = 0.006). FPP with TS
was significantly higher than that with bone scintigraphy (0.189 vs. 0.0722, p = 0.003). FOM of TS tended to be better than that
of bone scintigraphy (0.742 vs. 0.691, p =0.070).

Conclusion Sensitivity of TS in detecting bone metastasis was significantly higher than that of bone scintigraphy, but still limited
to 54%. TS might be superior to bone scintigraphy for early detection of bone metastasis.

Key Points

» Computed tomography temporal subtraction was helpful in early detection of bone metastases.

* Sensitivity for bone metastasis was higher for computed tomography temporal subtraction than for bone scintigraphy.

* Figure-of-merit of computed tomography temporal subtraction was better than that of bone scintigraphy.

Keywords Bone - Neoplasm metastasis - Multidetector computed tomography - Scintigraphy - Image processing,
computer-assisted
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Abbreviations
"FFDG-PET  '®F-fluoro-2-deoxy-d-glucose positron
emission tomography

CT Computed tomography

FOM Figure-of-merit

JAFROC Jackknife free-response receiver operating
characteristic

LDDMM Large deformation diffeomorphic metric
mapping

MRI Magnetic resonance imaging

NM Nuclear medicine

SPECT Single-photon emission computed tomography

TS CT temporal subtraction

Introduction

In addition to lung and liver, bones are one of the most com-
mon sites for metastasis [1]. Bone metastases are associated
with various complications, such as pain and bone destruction.
Vertebral metastases, in particular, can cause compression
fractures and neural disturbances, such as quadriplegia, which
can consequently deteriorate the patients’ quality of life [1-4].
Owing to advancements in anticancer treatments, complica-
tions associated with bone metastases can be reduced [1-5].
However, detection of bone metastases at an early stage re-
mains a fundamental step in anticancer treatment. Therefore,
clinical follow-up of patients with cancer is a crucial step for
preventing various complications through early and accurate
detection of bone metastases.

Computed tomography (CT) is used as the primary modal-
ity for examining local recurrence and distant metastases dur-
ing clinical follow-up. Recent high-resolution multi-detector
CT images provide a huge amount of anatomical information.
Consequently, substantial effort by radiologists is required for
detecting bone metastases on these CT images. There are sev-
eral helpful diagnostic imaging methods other than CT for
detecting bone metastases: planar scan and single-photon
emission computed tomography (SPECT) of **™Tc bone scin-
tigraphy, magnetic resonance imaging (MRI), '*F-fluoro-2-de-
oxy-d-glucose positron emission tomography ('*F-FDG-PET),
and "®F-sodium fluoride PET [6—16]. However, it is important
to note that these diagnostic imaging methods are not routinely
performed during the follow-up of patients with cancer and
without typical symptoms. Among these methods, bone scin-
tigraphy has been frequently used for detection of bone metas-
tases [13]. According to previous studies, sensitivity of '*F-
FDG-PET is superior for osteolytic and inferior for osteoblastic
metastasis to that of bone scintigraphy [12, 14, 15], because the
tracer uptake of bone scintigraphy for osteoblastic metastasis is
higher than that for osteolytic one [14].

A previous study showed that CT temporal subtraction
(TS) improved a radiologist’s performance in detecting newly
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developed bone metastases during serial follow-up CT [17].
Another study also showed that TS was useful for detecting
vertebral metastases regardless of the metastasis being
osteolytic or osteoblastic [18]. These results suggest that TS
is a promising tool for detecting bone metastasis.

One of the reasons for difficulty in detecting bone metas-
tasis on CT images is that the CT density of the bone is higher
than that of other organs. Therefore, changes in the CT density
due to bone metastases are not clearly depicted on CT images.
Bone window condition, characterised by wide window width
and high window level, is usually applied to CT images for
bone viewing. However, its application hinders detection of
subtle changes in bone CT density. Because bones without
temporal changes have no signal on TS images, TS can clearly
depict temporal changes due to bone metastasis.

To the best of our knowledge, no studies have compared
the detectability of bone metastasis between TS and bone
scintigraphy. Hence, the aim of our study was to compare
the observer performances of detecting bone metastases be-
tween bone scintigraphy and TS using large deformation
diffeomorphic metric mapping (LDDMM) [19, 20].

Materials and methods

The authors received approval from ethics committee of
Kyoto university graduate school and faculty of medicine
and Kyoto university hospital. Informed consent was waived
because this was a retrospective study using CT, bone scintig-
raphy, and clinical examination results.

Inclusion criteria and lesion confirmation

Sixty consecutive patients with cancer were selected from our
clinical database between February 2008 and March 2016.
Thirty bone-metastasis-positive and 30 bone-metastasis-
negative patient records were included. We selected these 60
records according to the following inclusion criteria: (i) histo-
ry of malignancy, (ii) availability of CT images at three time
points (previous, current, and future CT), (iii) the three CT
examinations covered the whole body (i.e. chest-to-pelvis),
and (iv) both planar scan and SPECT of bone scintigraphy
were available within 2 months of the current CT.

The following criteria were used as the definition of a new-
ly developed bone metastasis: (i) bone metastases emerged or
enlarged after the previous CT; (ii) bone metastasis was con-
firmed on the current CT, bone scintigraphy, or both; and (iii)
bone metastasis was confirmed on the future CT.

The inclusion criterion for the 30 bone-metastasis-positive
patient records was that the number of newly developed bone
metastases (size > 5 mm) was < 10. The inclusion criterion for
the 30 bone-metastasis-negative patient records was no
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perceptible bone metastases on the previous, current, or future
CTs or bone scintigraphy.

These criteria were confirmed by consensus between two
radiologists (KO and MN with 7 and 11 years of experience,
respectively) who did not participate in the following observer
study. Definitive determination of bone metastasis location
was done by consensus between the two radiologists after
examining the three sets of CT images and all available clin-
ical information and imaging data including symptoms, labo-
ratory data, CT, TS, bone scintigraphy, '*F-FDG-PET/CT, and
MRI

CT scans

All CT scans were performed using multi-detector CT scan-
ners. Details of the CT scan are described in Supplementary
Material 1. Use of the intravenous contrast medium varied
according to the patients’ diseases or clinical status. We used
non-contrast-enhanced CT images or late-phase contrast-en-
hanced CT images in our study.

Bone scintigraphy

Planar scan and SPECT of bone scintigraphy were performed
within 3 h of administration of 555 MBq of **™Tc-
hydroxymethylene diphosphonate using Gamma-cameras
(Infinia GP3; GE Healthcare), which obtained step-and-shoot
scans (150 s/bed, total 5-6 beds). The scan time was approx-
imately 30 min. The matrix sizes of the planar image and
SPECT of bone scintigraphy were 256 x 1024 and 128 x 128
pixels, respectively. The field of view of SPECT of bone scin-
tigraphy was 56.6 cm.

Temporal subtraction method

The previous CT images were registered to the current CT
images using LDDMM. The TS images were produced by
subtracting the registered previous CT images from the current
CT images. The detailed process for obtaining TS image is
described in Supplementary Material 1.

Observer study

Twelve readers with 6-25 years of experience as radiologists
independently interpreted the following pairs of examinations
with an interval of > 1 month: (NM-pair) previous CT, current
CT, axial SPECT of bone scintigraphy, and planar image of
bone scintigraphy; (TS-pair) previous CT, current CT, axial
TS, and projection image of TS (Fig. 1). The projection image
enables immediate grasping of the whole area of TS images.
We randomly divided the 12 readers into two groups of six
readers. Six readers interpreted in the order of NM-pair then
TS-pair, and the other six readers interpreted in the order of

TS-pair then NM-pair (Fig. A3 of Supplementary Material).
The 12 readers evaluated CT images using bone window con-
dition. All the readers had the chance to use the reformatted
CT images. These readers’ experience for evaluating bone
scintigraphy was 6 +3 (1-9) years. The readers were asked
to identify newly developed bone metastasis by marking lo-
cations with the likelihood for newly developed bone metas-
tasis. They were informed of the patients’ age, gender, history
of anticancer treatment, and clinical diagnosis of the primary
malignancy, and blinded to all other clinical data. The mini-
mum of likelihood was 1, which means that the lesion was
regarded as almost certainly non-metastasis. The maximum of
likelihood was 100, which means that the lesion was regarded
as definitively metastasis. Reading time, which was measured
by an independent person, was recorded. In addition, the 12
readers were asked to rate confidence level of their interpreta-
tion (survey 1: 1, very low; 2, low; 3, moderate; 4, high; and 5,
very high) and usefulness of TS or bone scintigraphy (survey
2: 1, useless; 2, not very useful; 3, somewhat useful; 4, very
useful; and 5, extremely useful) on a five-point scale for each
case. We performed the observer study with monitors for med-
ical use (Radiforce RX440, EIZO).

Statistical analysis

Jackknife free-response receiver operating characteristic
(JAFROC) analysis was employed for evaluating the radiolo-
gists” performance [21, 22]. To create free-response ROC
curves and calculate figure-of-merit (FOM) values, JAFROC
software (JAFROC, version 4; http://www.devchakraborty.
com/) was used. The analysis was conducted for a random-
readers and random-cases model. In addition, lesion-based
sensitivity, number of false positives per patient, patient-
based sensitivity, and patient-based specificity were evaluated
by Wilcoxon signed-rank test. The likelihood level of diagno-
sis of a metastasis of 50% was considered as the threshold for
calculating sensitivity and specificity; a lesion with >50%
likelihood of diagnosis was considered to indicate bone me-
tastasis. The reading time and confidence level were com-
pared between the two sessions using the Wilcoxon signed-
rank test. Values of p <0.05 were considered to indicate sta-
tistically significant differences.

Results

The characteristics of the patients and bone metastases are
summarised in Tables 1 and 2, respectively. A total of 78 bone
metastases were identified in the 30 bone-metastasis-positive
cases. Primary lesions of these 78 bone metastases were as
follows: prostate, 31; breast, 16; lung, 9; and others, 22 (kidney,
9; bladder, 4; colon, 4; rectum, 2; testis, 2; and unknown, 1).
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Fig. 1 Representative two pairs of images used in the observer study. A
77-year-old male with osteolytic metastasis of prostate cancer. There is a
bone osteolytic metastasis in the right scapula (arrow). On the left side,
NM-pair is shown; on the right side, TS-pair is shown. NM-pair com-
prises (a) previous CT image, (b) current CT image, (¢) planar image of
scintigraphy, and (d) SPECT image of scintigraphy, and TS-pair consists

In this study, there were no registration failures of TS im-
ages. According to a previous study [17], the appearance of
temporal bone change on TS images varied depending on the
type of bone metastases: (i) osteolytic changes were depicted
as dark signals on TS images, (ii) osteoblastic changes were
depicted as bright signals, and (iii) mixed type changes were
depicted as heterogeneous dark and bright signals. As previ-
ously described, on TS images in our study, osteolytic, osteo-
blastic, and mixed type metastases were depicted as dark,
bright, and heterogeneous dark and bright signals, respective-
ly (Figs. 2, 3, and 4).

Table 1 Characteristics of the subjects in the observer study

of (a') previous CT image, (b’) current CT image, (¢’) an average of MIP
image and MinIP image of TS image, and (d’) axial image of TS.
Computed tomography (CT), CT temporal subtraction (TS), maximum
intensity projection (MIP), minimum intensity projection (MinlIP), single-
photon emission computed tomography (SPECT)

FOM, lesion-based sensitivity, patient-based specificity
and sensitivity, number of false positives per patient, read-
ing time, and results of the two surveys by the 12 radiol-
ogists are shown in Table 3. The average free-response
receiver operating characteristic curves of all 12 readers
are shown in Fig. 5. Mean FOM values were 0.691 +
0.0385 for NM-pair (previous and current CTs and bone
scintigraphy) and 0.742 +£0.0358 for TS-pair (previous
and current CTs and TS) (p =0.070). Although FOM of
TS-pair tended to be better than that of NM-pair, there
was no statistically significant difference. In all but one

Sixty patients with cancers

Thirty patients with
bone metastasis

Thirty patients without
bone metastasis

Age () All: 66.0 % 11.4 (27-85)*
Male: 67.8 4 12.4 (27-85)*
Female: 64.3 % 10.2 (39-80)*

Gender (number of patients) Male 29
Female 31
Size of bone metastasis (mm) N/A
Number of bone metastasis per patient N/A
Number of patients with anticancer treatment 52

Mean interval of the paired CT (month)

14.8+£9.97 (0.667-55.8)*

65.6+12.7 (27-84)*

17

13

17+ 12 (5-80)*

2.6+1.9 (1-8)*

28

16.6+12.4 (0.667-55.8)*

66.4+10.0 (39-85)*

12

18

N/A

N/A

24

13.1+6.31 (1.60-30.8)*

Not available (N/A)
*Data are shown as mean + standard deviation and range
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Table 2 Characteristics of bone
metastasis in the observer study

Number of bone metastasis

Type of bone metastasis

Total ~ Number of patients

Primary lesion ~ Osteolytic ~ Osteoblastic ~ Osteolytic-osteoblastic mixed

Prostate 2 29 0 31 12
Breast 0 13 3 16 6
Lung 5 2 9

Others 13 7 22 7
Total 20 46 12 78 30

All 78 bone metastases were larger than 5 mm

radiologist’s readings, FOM of TS-pair was higher than
that of NM-pair (Table 3).

The lesion-based sensitivity, patient-based sensitivity,
patient-based specificity, and number of false positives per
patient were 41.3% £10.2%, 77.2% +8.70%, 95.3% +
4.61%, and 0.0722 +0.0361, respectively, for NM-pair and
were 54.3% £11.1%, 86.4% +7.75%, 90.0% + 8.50%, and
0.189+0.105, respectively, for TS-pair (p =0.006 for lesion-
based sensitivity, p =0.004 for patient-based sensitivity, p =
0.032 for patient-based specificity, and p = 0.003 for number
of false positives per patient). Lesion-based and patient-based
sensitivities were higher for TS-pair than for NM-pair with
statistical significance. Conversely, the number of false posi-
tives per patient was higher for TS-pair than for NM-pair with
statistical significance, and the patient-based specificity was
higher for NM-pair than for TS-pair with statistical
significance.

The median of the readers’ confidence in their inter-
pretation (survey 1) was 3 for NM-pair and 4 for TS-
pair (p=0.059). The subjective usefulness survey re-
sponse (survey 2) had a median score of 3 for NM-
pair and of 4 for TS-pair (p=0.008). The subjective
usefulness survey response of TS-pair was better than
that of NM-pair with statistical significance.

The reading time was 208 £34.9 s for NM-pair and
187+47.7 s for TS-pair (p =0.182). The reading time of
TS-pair tended to be shorter than that of NM-pair. The
processing time of the chest-to-pelvis TS images ranged
from 40 to 50 min.

Table 4 shows patient-based sensitivity for the primary le-
sion, and Table 5 shows lesion-based sensitivity for the type of

TS image (axial)

previous CT image (axial) current CT image (axial)

TS (MIP+MinIP) image (posterior)

bone metastasis. Supplementary Material 1 shows details of
all 30 bone-metastasis-positive cases.

Discussion

This study compared observer performance of detecting
bone metastases between bone scintigraphy (planar scan
and SPECT) and TS. The results showed that the sen-
sitivity of TS in detecting bone metastases was signifi-
cantly higher than that of bone scintigraphy. Sakamoto
et al compared detectability of newly developed bone
metastasis between CT and CT + TS and showed that
TS might be useful in detecting bone metastases [17].
Results of the current and previous studies show that
CT + TS is potentially useful for efficient detection of
bone metastases compared with CT only or CT + bone
scintigraphy. The number of false positives per patient
with TS was significantly higher than that with bone
scintigraphy in the current study. Benign lesions, such
as Schmorl nodes, old traumatic lesions, degenerated
lesions, and old compression fractures, are generally sta-
ble. However, TS was highly sensitive to temporal
changes in these benign lesions. Consequently, temporal
changes in benign lesions could be misinterpreted as
bone metastasis by several radiologists. Overall, based
on the results of FOM, detectability of bone metastases
by CT + TS tended to be better than that by CT + bone
scintigraphy (planar scan + SPECT).

Because TS can be calculated from routinely acquired
CT images, TS needs no additional radiation exposure,

planar scan image of whole-body

SPECT image (axial) o .
‘bone scitigraphy (posterior)

Fig. 2 a 77-year-old male with osteolytic metastasis of prostate cancer. There is a bone osteolytic metastasis in the right pedicle (arrow in b), and this
lesion is depicted clearly as a black region on TS images (arrow in ¢, d); however, it is not depicted on scintigraphy images (dotted arrow in e, f)
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previous CT image (axial) current CT image (axial) TS image (axial)

TS (MIP+MinIP) image (posterior)

planar scan image of whole-body

SPECT is ‘axial)
mage (axal) bone scitigraphy (posterior)

Fig. 3 a 69-year-old male with osteoblastic metastasis of prostate cancer. There is a bone osteoblastic metastasis in the vertebral body (arrow in b), and
this lesion is depicted clearly as a white region on TS images (arrow in ¢, d); however, it is not depicted on scintigraphy images (dotted arrow in e, f)

and costs less than bone scintigraphy. Based on our
results, we speculate that, if routinely acquired CT is
available, we can substitute bone scintigraphy by rou-
tinely acquired CT and TS. Hence, there is a possibility
that radiation exposure and costs associated with bone
scintigraphy can be reduced. The reasons why detect-
ability of TS is superior to that of bone scintigraphy
are the following: first, TS depicts both osteolytic bone
metastasis and osteoblastic lesions clearly [17], whereas
the sensitivity of bone scintigraphy for detecting
osteolytic lesions is relatively lower than for osteoblastic
ones [12, 14]; second, TS has higher spatial resolution
than bone scintigraphy; therefore, small bone metastases
are more likely to be detected by TS than by bone
scintigraphy. Generally, diagnostic tools with high sen-
sitivity are suitable for disease detection [23]. Hence,
we expect TS to be more useful than bone scintigraphy
for early detection of bone metastasis if a CT scan was
performed in the past.

According to a previous study [17], the processing
time of torso TS images was approximately 6 h using
a supercomputer, which is too long in clinical situations.
In the current study, we reduced the processing time to
40-50 min with a general-purpose workstation by mod-
ifying the software of TS. According to the preliminary
results using our in-house software, we expect that the
processing time can be reduced to <10 min with a
graphics processing unit.

The lesion-based sensitivity with TS in detecting bone me-
tastasis, which was 54% in the current study, was not satisfac-
tory. However, our results show that the sensitivity with TS
was higher than that with bone scintigraphy. These results
suggest that it is essentially difficult to detect bone metastases
with CT and bone scintigraphy. Even in such a situation, it is
speculated that TS is more useful than bone scintigraphy.

previous CT image(axial) current CT image (axial) TS image (axial)

TS (MIP+MinIP) image (anterior)

Our results showed that FOM of TS was better than that of
bone scintigraphy. FOM is based on sensitivity and false pos-
itives. FOM results indicated that when detecting bone metas-
tases by TS, the higher sensitivity outweighed the harm of
false positives.

The reading time of TS tended to be shorter than that of
bone scintigraphy. We speculate that because bone metastasis
was more clearly depicted on TS than on current CT images,
most radiologists could detect bone metastases on TS with a
shorter reading time.

As per Table 4, for most primary lesions, the sensitivity
of TS was higher than that of bone scintigraphy. When a
primary lesion was breast, the sensitivities of TS and bone
scintigraphy were comparable. According to Table 5, the
sensitivity of TS was higher than that of bone scintigraphy
for all types of bone metastasis. Most of the bone metasta-
ses were osteoblastic metastases in breast cancers of the
current study (Supplementary Material 1). In general, sen-
sitivity of bone scintigraphy for osteoblastic metastasis is
superior to osteolytic metastasis [12, 14]. In addition, ef-
fectiveness of TS was relatively low for osteoblastic me-
tastasis, according to Table 5. Because of these factors, it is
speculated that sensitivity of TS could be comparable with
that of bone scintigraphy for osteoblastic metastasis in
breast cancer in this current study.

The survival time of patients with cancer is improv-
ing because of the progress in treatment and has led to
an increase in the incidence of bone metastasis [24].
Complications of bone metastasis are associated with
decrease in activities of daily living and quality of life.
To prevent such complications, early detection and treat-
ment of bone metastasis has become more important.
Hence, accurate detection of bone metastases during
follow-up of patients with cancer is one of the most
important tasks in diagnostic imaging. However,

planar scan image of whole-body
‘bone scitigraphy (anterior)

SPECT image (axial)

Fig. 4 a 52-year-old female with mixed type metastasis of breast cancer. There is mixed type bone metastasis in the left sacrum (arrow in b), and this
lesion is depicted clearly as a black and white region on TS images (arrow in ¢, d); it is depicted clearly on scintigraphy images (black arrow in e, f)
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Fig. 5 Average free-response
receiver operating characteristic
curves. Average free-response 0.6
receiver operating characteristic

curves of TS and bone

scintigraphy images. Mean FOM 0.5
of TS and bone scintigraphy is L
0.742 and 0.691, respectively. = 7
Computed tomography (CT), CT S 04 |-
temporal subtraction (TS), = 4
figure-of-merit (FOM), single- 2 03 f’
photon emission computed 2 4
tomography (SPECT) z ]
0.2 f
/i
01
0
0

detection of bone metastasis requires substantial effort
by radiologists during routine CT scans. Previous stud-
ies [17] and our results show that TS obtained from
routine CT scans can enhance detectability of bone
metastases.

There were several limitations in our study. First, this
was a retrospective single-centre study; all data were
collected from our clinical database. Second, the bone
lesions were not confirmed by histology. In a clinical
setting, it is rare to perform a biopsy to obtain histolog-
ical confirmation of bone metastases when a primary
lesion is evident. Third, we evaluated pairs of thin-
slice (1 mm) CT images only, whereas a pair of thin-
slice CT images is not always available in clinical set-
tings. We expect that advances in CT scanner technolo-
gy and in the picture archiving and communication sys-
tem can make TS technology widely available. Fourth,
we did not evaluate SPECT/CT of bone scintigraphy. In
our observer study, the pairs of images included CT
images. We speculate that the diagnostic ability of CT
and bone scintigraphy (planar scan and SPECT) together

Table 4  Patient-based sensitivity for primary lesions

Patient-based sensitivity (%)

Primary lesion Bone scintigraphy TS
Prostate 73 80
Breast 79 81
Lung 73 88
Others 86 95
Overall 77 86

___________________________

—— Planar scan and SPECT of bone scintigraphy

0.2 0.4 0.6 0.8 1

Number of false positives per patient

is almost identical to that of CT and SPECT/CT of bone
scintigraphy. Fifth, performance evaluations of inexperi-
enced readers were not evaluated and must be investi-
gated in the future. Sixth, we did not evaluate the ther-
apy response of bone metastasis with TS. Under radio-
therapy and/or chemotherapy, the density of bone me-
tastasis could be changed on CT images [25]. These
changes might be depicted on TS images. Therefore,
we might use TS images to determine therapy response
of bone metastasis in a future study. Finally, we as-
sumed that CT examinations were routinely performed
once or twice a year for patients with cancer. In this
clinical situation, TS can potentially reduce costs and
radiation exposure associated with bone scintigraphy. If
routinely performed CT images are not available, cost of
TS is not inexpensive. However, we did not assume
such a situation in the current study.

In conclusion, the sensitivity of TS in detecting bone me-
tastasis was significantly higher than that of bone scintigraphy,
including planar scan and SPECT, but still limited to 54%. TS
might be superior to bone scintigraphy for the early detection
of bone metastasis.

Table 5 Lesion-based sensitivity for type of bone metastasis

Lesion-based sensitivity (%)

Type of bone metastasis Bone scintigraphy TS
Osteoblastic 36 43
Osteolytic 36 63
Mixed 69 85
Overall 41 54

TS: CT temporal subtraction
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