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Abstract

Objective Assessing the extent of bone metastases in patients with prostate cancer is very important to predict patient prog-
nosis. Therefore, the bone scan index (BSI), which is easy to use, has been used; however, the accuracy is not that high. In
this study, we proposed a new index for the extent of bone disease using single-photon emission computed tomography with
computed tomography (SPECT/CT) images and assessed the accuracy of calculation.

Methods In this study, a total of 46 bone scans from 12 patients with prostate cancer treated for bone metastases with
Radium-223 were included. Whole-body planar images were obtained 150—180 min after an intravenous injection of **™Tc-
methylene diphosphonate, and cervical-to-pelvic SPECT/CT was immediately obtained. The total bone volume (TBV) and
regional metabolic bone volume (MBV) were defined as Hounsfield unit of > 120, standardized uptake value (SUV) of > 0.5,
and SUV of > 5-8 in four levels, respectively. Bone metabolism volumetric index (BMVI) was calculated as the percentage
of the total MBV divided by TBV. The variability of the TBV measurement was evaluated by the percentage coefficient of
variance (%CV) of TBV within individual patients. We evaluated the correlation of TBV with age, height, weight, and body
mass index and the correlation and agreement between BSI and BMVI.

Results The mean and %CV of TBV were 4661.7 cm® and 2.8%, respectively, and TBV was strongly correlated with body
weight. BMVI was significantly higher than BSI and correlated with alkaline phosphatase. For patients with progressive
bone metastases, BSI was clearly underestimated, whereas BMVI was elevated.

Conclusions Although assessed in a small number of cases, the new index for assessing the extent of bone disease using
SPECT/CT imaging was highly value than BSI and was significantly correlated with alkaline phosphatase. Therefore, this
study suggests that BMVI could improve the low sensitivity of BSI in patients with low extent of disease grade.

Keywords Bone scintigraphy - Quantitative single-photon emission computed tomography (SPECT) - Extent of disease
(EOD) - Bone scan index (BSI) - Prostate cancer

Introduction

Patients with prostate cancer have an extremely high risk
of bone metastasis, and thus, to improve their quality of
life, appropriate management of bone metastasis is impor-
tant. Serum tartrate-resistant acid phosphatase, alkaline
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phosphatase (ALP), and prostate-specific antigen (PSA)
have been known as biochemical markers to predict bone
metastasis [1]. As an imaging biomarker, bone scan index
(BSI) is calculated as a percentage weight of the total abnor-
mal bone uptake in the entire skeleton using whole-body
bone scintigraphy [2—-8]. Accurate BSI measurement of the
extent of disease (EOD) is more important than accurate
counting of the number of bone metastases to determine
a patient’s prognosis [9]. It can also be used to comple-
ment PSA in stratifying the risk in patients with prostate
cancer [10]. However, automatic BSI calculation has been
underestimated unless corrected by a physician [5], whereas
the agreement of diagnosis by physicians using computer-
assisted diagnosis is 68 (inexperienced readers) to 75%
(experienced readers) [11]. When BSI is > 1%, the incidence
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of progression, shortened overall survival, and cancer death
increases, then BSI changes are associated with prognosis
[10, 12, 13]. Regardless, patients with lower EOD grades
have lower sensitivity and specificity of bone metastases and
higher variations among observers in visual assessment [14].
These problems should be improved in clinically using EOD.

Although the added interpretation value in computed
tomography (CT) images may be considerable, single-pho-
ton emission computed tomography with computed tomog-
raphy (SPECT/CT) has a higher sensitivity for detecting
lesions compared with whole-body planar images [15-19].
It is well known that SPECT is superior to planar images for
lesion detection and volume assessment [10]. In this regard,
an in-house program for automatic lesion detection using
SPECT/CT images has been developed but has not been
commonly used [20]. This program automatically detects
lesions by determining the threshold value of SPECT counts
and by performing multiple regressions for each patient
based on the standard deviation of SPECT counts. With
the recent availability of SPECT/CT, the classification of
benign and malignant lesions using the standardized uptake
value (SUV) rather than SPECT counts has been investi-
gated. Kuji et al. have demonstrated that the area under the
receiver operating characteristic curve of the mean SUV
was significantly higher than that of ALP in discriminating
between bone metastases and degenerative changes [21].
Changes in the sum of the product of mean SUV and vol-
ume of extracted regions with SUV of > 7 (total bone uptake
[TBU]) using a freeware were found to be more accurate
and sensitive than BSI [22]. This software-based method is
advantageous, because regions can be extracted by setting
threshold values for the Hounsfield unit and SUV, respec-
tively. Although much evidence has been established on the
validity of assessing the EOD, mainly BSI, very little evi-
dence has been established on TBU.

Therefore, we investigated a new index for assessing
the volumetric extent of bone disease to accurately deter-
mine the volume of bone disease by measuring the volume
of entire the skeleton and bone lesions using SPECT/CT
images. In the present study, the variability of measuring
the entire skeletal volume and the relationship between the
new index and BSI and ALP were assessed.

Materials and methods

Patients

A total of 46 bone scans obtained from 12 patients with
prostate cancer (median age, 74 [range, 64—85] years; height,
167 [range, 155-171] cm; weight, 72.4 [range, 45.1-81.0]

kg; and body mass index [BMI], 25.7 [range, 18.8-29.4]
kg/m?) who had bone metastases and who were treated with
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Radium-223 from January 2017 to 2022 were included. The
interval between bone scintigraphy and blood tests ranged
from O to 35 (median 4.5) days, and ALP (normal range,
38-113 U/L) and PSA (normal range, <4.0 ng/mL) levels
were examined. The median number of bone scintigraphy
per patient was 3 (range, 2-9). The ethics committee of
our hospital approved the study protocol, and our proposed
method was not used in practice because of a retrospective
study.

Bone scintigraphy

Bone scintigraphy was performed using a Symbia intevo
SPECT/CT system equipped with a low-energy high-reso-
lution collimator (Siemens Healthcare, Erlangen, Germany).
The whole-body planar images were obtained 150-180 min
after intravenously injecting 555-740 MBq **™Tc-methylene
diphosphonate (PDRadiopharma Inc., Tokyo, Japan), and
SPECT/CT of the cervical spine to the pelvis was imme-
diately performed. The whole-body planar images were
obtained at a scan speed of 15-17 cm/min. SPECT was
performed using the following parameters: energy window,
15% at 140 keV; lower subwindow, 15% for scatter correc-
tion; 256 X 256 matrix and 1.0 zoom (with a 2.4%x2.4 mm?
pixel); 90 views over 360°; 12 s per view; and continuous
mode through the noncircular orbit. CT scanning at 130 kVp
was performed on a 2.0 mm-thick slice, with dose modula-
tion and quality reference of 40 mAs, pitch 2. CT data were
reconstructed using B70 kernels for localization and HO8
SPECT AC for CT-based attenuation correction. Quantita-
tive SPECT images were reconstructed using the xSPECT
Quant algorithm with manufacturer-specific parameters (1
subset, 48 iterations, and a 10 mm Gaussian smoothing filter
at full width at half maximum).

Data analysis
BSI

BSI was calculated using BONENAVI software ver. 2
(EXINI Diagnostics AB, Lund, Sweden and PDRadiop-
harma Inc., Tokyo, Japan) [7]. A parameter associated with
sensitivity, CADx, was set to balance. No operator-assisted
manual correction for benign or malignant hot spots was
performed.

BMVI

The total bone volume (TBV) and regional metabolic bone
volume (MBV) were calculated for cervical spine to pelvis
SPECT/CT images using the GI-BONE software (Nihon
Medi-Physics Co. Ltd., Tokyo, Japan). Figure 1 shows the
extracted TBV and total MBV and the bone metabolism
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TBV 5026.2 cm? Total BMV 47.2 cm?

Fig.1 Measurement process of TBV and total MBV. Red areas in
each image are the extracted regions for respective parameters. The
total MBV was calculated from the total volumes of all hot lesions.
BMVI was defined as the percentage of the total MBV divided by
TBV. The BMVIgyys in this case was 0.94

volumetric index (BMVI) calculation process. TBV was
defined as a region with a Hounsfield unit of > 120 and SUV
of > 0.5, thereby eliminating radioactive urine and microc-
alcifications to improve the accuracy of TBV measurement.
The mean SUV of the normal thoracic and lumbar spine in
Japanese patients has been reported to be 4.4-4.6, and the
SUV threshold value to detect abnormal uptake should be
higher than 5 [19, 21]. Regional MBV was also similarly
measured in four SUV levels, i.e.,>5,>6,>7, and > 8, with
a Hounsfield unit of > 120, and the sum of each level was
used as the total MBV. The BMVI was calculated as the
percentage of the total MBV divided by TBYV, that is, the
volumetric index for the extent of bone disease. The variabil-
ity of TBV measurement was evaluated using the percentage
coefficient of variance (%CV) of TBV of each patient.

Statistical analysis

Correlations between TBV and age, height, weight, and
BMI were evaluated using scatter plots and linear regres-
sion models, which were also used to evaluate the correla-
tion between BSI and BMVIs that were calculated with each
threshold value, and Bland—Altman plots were created to
evaluate the agreement between BSI and BMVIs. Correla-
tions were tested using two-sided Spearman’s rank correla-
tion coefficients. After evaluating the nonnormal distribution
using the Shapiro—Wilk test, paired values were analyzed
using the Wilcoxon signed-rank test. Then, patients were
classified into four groups based on BSI and BMVI: Group
A, <2; Group B, 2-3.9; Group C, 4-7.9; and Group D, >8
[8], and the association of ALP and PSA among the four

groups (Groups A-D) at four levels (SUV, >5 to>8) was
evaluated using the analysis of variance (ANOVA). Tukey’s
post hoc test was used to assess significant between-group
differences. All statistical analyses were conducted using
SPSS statistics 27 (IBM Corp., Armonk, NY, USA). A p
value of <0.05 was considered statistically significant.

Results

The median ALP and PSA levels were 235 (range 44-524)
U/L and 3.7 (range 0.010-597) ng/mL, respectively. The
mean TBV was 4661.7 + 133.8 cm? (median 4621.2), result-
ing in the mean %CV of 2.8% (range, 0.5-5.0%). Figure 2
shows scatter plots with regression lines for TBVs. TBV was
correlated with height (p =0.021), weight (»p <0.001), and
BMI (p <0.001) but was not correlated with age (p =0.299).
Especially, TBV was strongly correlated with body weight.

The median BSI and BMVI calculated with threshold
values of 5-8 for SUV (BMVIgyys_ 4 7.5) were 0.56, 4.23,
2.22, 1.51, and 0.55, respectively. Figure 3 shows scatter
plots with regression lines and Bland—Altman analysis.
When comparing BMVI and BSI, BMVIg;y5_; showed
significantly higher values (p <0.001), whereas BMVIgyg
showed lower values (p =0.666), indicating an inverted
relationship. Proportional errors were observed between
BSI and BMVIgys_g (p <0.001). Table 1 shows significant
correlation coefficients between ALP and PSA with BSI
and BMVI. The correlation between ALP and BMVIgy;
(r=0.34, p=0.02), BMVIgyys (r=0.39, p=0.008),
and BMVIgyy; (r=0.40, p=0.005) was low, while BSI
(r=0.44, p=0.002) was moderately correlated with ALP.
Moreover, a moderate correlation was observed between
PSA and BSI (r=0.45, p=0.002) and BMVIgyg (r=0.49,
p<0.001), but a low correlation was observed between PSA
and BMVIgy;y; (r=0.36, p=0.018). Figure 4 shows the rela-
tionship between ALP and BSI, and BMVIgys.g. Results
were classified based on BSI as 38, 2, 4, and 2 scans in
groups A, B, C, and D; 8, 12, 12, and 14 for BMVIgys; 20,
13, 4, and 9 for BMVIgy; 30, 6, 5, and 5 for BMVIgy7;
and 40, 5, 1, and 0 for BMVIgys, respectively. The sta-
tistical F values by ANOVA were 0.854 (p=0.472), 1.626
(»=0.198), 4.095 (p=0.012), 1.919 (p=0.141), and 1.053
(p=0.358) for BSI, BMVIgyys, BMVIgyye, BMVIgyy7, and
BMVIgys, respectively.

Figure 5 shows the results of serial BONENAVI and max-
imum intensity projection (MIP) images. PSA in Fig. 5b—d
was significantly higher than that of the previous values,
whereas ALP, BSI, and BMVI showed no obvious changes.
Figure 5d, e seems to be almost identical with the extracted
extent of bone metastasis, although the BMVI was higher
than the BSI. Pelvic segmentation using the BONENAVI
software showed overextraction below the ischial bone in all
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whole-body images (Fig. Sa—d) because of abnormal uptake
of the right ischial bone. The abnormal uptake in the fifth
lumbar vertebra was consistently interpreted by the physi-
cian as a degenerative change in all four bone scintigraphy.
Extraction of the cervical spine in the MIP image (Fig. 5e)
was also interpreted as a degenerative change.

Another patient showed results of serial BONENAVI and
MIP images in Fig. 6. PSA and BMVI were rapidly elevated
from Fig. 6b—e, and ALP was elevated after Fig. 6¢c. How-
ever, the BSI had a high value as shown in Fig. 6e. Further-
more, bone metastases in the bilateral ribs and right femur in
Fig. 6¢c were interpreted by the physician and diagnosed as
worsening compared with previous examinations. In Fig. 6b,
a gradual progressive worsening of bone metastases in the
thoracic and lumbar spine, ribs, and pelvis was diagnosed.
The patient received chemotherapy and was then treated
with Radium-223 (Fig. 6e).

Discussion
As the bone metastasis is identified as osteoblastic in patients
with prostate cancer, bone scintigraphy can visualize abnor-

malities as hot spots or localized uptake. Although SPECT/
CT images are indispensable in obtaining a quantitative
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index on the extent of abnormal bone-avid tracer uptake
with high accuracy, few studies have been conducted on this
subject. In the present study, we attempted to extract bone
metastases through the SUV threshold value in quantitative
SPECT/CT images to calculate the BM VI so that the extent
of bone metastases can be predicted accurately. BMVI could
be extremely reproducible in calculating the entire bone vol-
ume and was highly value than BSI when calculated with the
SUYV threshold of 5-7. The BMVI may be associated with
ALP when calculated with the threshold value of 6 for SUV
even in a small number of patients.

The first step toward more accurate assessment of the
extent of bone metastases in the entire skeleton should be
accurate and reproducible measurement the skeletal vol-
ume. Since BSI calculation estimates the weight of each
bone region segmented by part from the whole-body planar
image and is the percentage of the weight of the entire skel-
eton and bone metastases, the segmentation accuracy is a
pivotal factor [2]. The case in Fig. 5 showed that the pelvic
segmentation was incorrect because of the overextraction of
the ischial bone (Fig. 5a—d) and underextraction of the iliac
bone (Fig. 5a, c). With our proposed method, the volume
data of CT and SPECT images could be used to complement
with each other, thus enabling the measurement of the entire
skeletal volume with a lower variability of <3%. This benefit
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has also been used to extract bone lesions. TBV is most
strongly correlated with body weight (Fig. 2), a result that
seems almost appropriate when estimated from the relative
weights of each bone [23].

Bone metastases in the spine and pelvis have significantly
higher SUVs than degenerative changes, with the mean

SUVs of bone metastases higher in the pelvis, spine, extrem-
ities, scapular girdle, and ribs, respectively [24]. Lowering
the SUV threshold value increases not only the sensitivity
of lesion detection but also false positives, whereas the rela-
tionship is reversed as the SUV threshold is increased [22].
The setting of the threshold value will be a tradeoff between

@ Springer



946

Annals of Nuclear Medicine (2022) 36:941-950

Table 1 Correlation coefficients among ALP, PSA, BSI, and
BMVIgyys_g

BSI BMVigys BMVIgys BMVigyy, BMVigyyg
ALP 044 034 039 0.40 n.s
PSA 045 ns n.s 036 0.49

n.s, not significant

sensitivity and specificity, setting SUV 6 as the threshold
value that correlated with ALP and had the highest statistical
F value. In Umeda et al.’s report [22] on the optimal SUV
threshold value for the assessment of bone metastasis using
TBU, SUV 7 was found to be optimal, but SUV 6 showed
almost the same results and was superior to 7 in sensitiv-
ity. Our results showing the correlation with ALP demon-
strated a stronger correlation with the SUV threshold value
of 6, but the threshold value of 7 may be better, although
not significantly different, according to Group C in Fig. 4b,
c. Setting the SUV threshold value to 8 underestimated the
EOD (Fig. 3d), and even when set to 6 extracted, only a
few bone metastases in the ribs were identified (Fig. 6);
nevertheless, setting to 5 would substantially extract other
bone metastases. This problem may be improved with the
variable SUV threshold values for each segment of the
body. Tsujimoto et al. proposed a lesion detection program
using SPECT/CT images that manually segment body parts
using CT images and automatically detect abnormal uptake
of SPECT images by determining the threshold value for
detecting lesions based on the standard deviation of SPECT
count for individual patients [20]. This program is excellent
in that the normal tracer uptake at each body part is consid-
ered different; however, the objectivity may be lacking in
threshold values for detecting lesions, which may vary from
patient to patient. This condition occurs, because the uptake
is likely to be underestimated in patients with multiple bone
metastases such as super bone scan because of the increased
uptake throughout the spine and pelvis. Our method, which
uses the SUV threshold value to detect lesions, can improve
this problem and is a reasonable method that allows the use
of freeware. In the future, establishing a program that can
vary the SUV threshold value according to body parts is
warranted.

Another advantage of using SPECT/CT images to detect
abnormal uptakes would be to avoid anatomical overlap.
Lesion detection on whole-body planar images may not be
accurate because of bone-on-bone overlap, and bone overlap
in the kidneys, ureters, and bladder containing radioactive
urine, as well as radioactivity contamination [25]. Patients
with prostate cancer often have difficulty voiding properly. In
Fig. 5, if an abnormal uptake was observed in the sacrum, no
detection would have been possible, because of the radioac-
tive urine in the bladder. Furthermore, in Fig. 5a, urine in the
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renal pelvis was detected as a less likely malignant uptake in
the left rib. The region may not be accurately extracted even
on curved rib contours (Fig. 6e). Moreover, planar images
have lower contrast than SPECT images, which cannot be
corrected for attenuation, scatter, and blurring because of
collimator apertures.

The BMVI at SUV threshold values of 5-7 was clearly
higher than BSI, although significantly correlated. Since the
scan range of BMVI measurements was from the cervical
spine to the pelvis, where a higher frequency of bone metas-
tases may have been present, the proportion of bone diseases
was relatively higher than the entire skeleton. This may be
part of the reason why BMVI was higher than BSI, which
measures the femur from the skull. However, although our
study was based on a small number of patients, consider-
ing that it included patients with underestimated BSI, the
higher BMVI may be consistent. Wakabayashi et al. reported
that BSI had a moderate correlation with bone ALP and a
low correlation with logarithmic PSA [8]. The proportion
of patients with visceral metastases in our study appears to
be lower than that in their study because the patients were
treated with Radium-223, as well as the median PSA is
markedly lower than that obtained in their study, but our
results also showed a moderate correlation between BSI
and ALP and PSA (Table 1). In their study, because over
half of the patients were classified in group A, no signifi-
cant difference in the relationship between groups A and B
with lower BSI was found in bone ALP. This trend was also
observed in our results (Fig. 4e). Nevertheless, BMVIgy,
significantly differed between these groups. This differ-
ence may be important in predicting patient prognosis [26].
BMVIgy6 had the highest ALP and statistical /' value, and
BMVIg,y; correlated with both ALP and PSA. Optimiza-
tion of the SUV threshold value needs to be investigated in
detail in the future.

The role of bone scintigraphy is very important because
of its expected 10 year mortality rate of 90% if bone metas-
tases are present at the initial diagnosis [14]. Unfortunately,
the sensitivity and specificity of whole-body planar images
are not that high, which may be improved by BONENAVI.
Moreover, the survival risk of patients with prostate cancer
classified by BSI could be clearly stratified [27, 28]. The
sensitivity and specificity of BSI can be improved by clas-
sifying lesions as benign or malignant by physicians rather
than by the fully automatic method; however, physicians’
subjectivity may cause interobserver variation in the BSI
[14]. Furthermore, the lower the EOD grade of the patient,
the lower the diagnostic accuracy of both BONENAVI and
the physician. Many lesions may not be detected by BONE-
NAVI as shown in Fig. 6. BMVIgy¢ may allow early risk
stratification of patients with lower BSI who show equivo-
cal uptake on whole-body images. Just as BSI can be auto-
matically calculated, TBV and the total MBV can also be
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Fig.4 Relationship among ALP and BMVIgys (a), BMVIgyye (b), BMVIgyy (€), BMVIgyys (d), and BSI (). n.s, not significant; *, p <0.05

automatically calculated using a freeware; therefore, BMVI ~ method would also achieve a similar high agreement as BSI,
can be obtained by simply dividing them. Our proposed  because no observer subjectivity is required.
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Ex. date X X after 1y9m X after 2y7m X after 4y10m X after 4y10m
PSA 1.25 11.056 6.091 64.77
ALP 100 134 120 104
BSI 0.85 1.12 0.86 1.14
BMVIsuve 192 1.95 1.57 1.52 1.52

Fig.5 Bone scintigraphy of a man in his 70 s at the initial (a) and follow-up (b—d) examinations MIP image (e) at the same examination as (d).
Serial PSA, ALP, BSI, and BM VI, values are shown, and values that showed an increase of > 50% from the previous value are shown in red

Ex. date X X after Sm X after 1y X after lyébm X after 2y3m
PSA 0.84 1.535 3.883 9.772 66.192
ALP 48 59 98 180 257
BSI 0.02 0.00 0.28 0.20 2.03

BMVIgyys  0.18 1.60 6.05 11.56 18.68

Fig.6 Bone scintigraphy and MIP images of a man in his 70 s during follow-up examinations. Serial PSA, ALP, BSI, and BMVIgy, values are
shown, and values that showed an increase of > 50% from the previous value are shown in red

The main limitations of this study are the small num-
ber of patients and the lack of false-positive assessments
because only patients on Radium-223 therapy were included
in the study. Whole-body planar images can be acquired in
every institution, whereas SPECT/CT systems have not been
fully available at present. Even if the systems were avail-
able, SPECT requires prolonged examination time and CT
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increases the radiation dose. Because the skull and femur
were excluded from the scanning range for the BMVI cal-
culation in the present study, extending the scanning range
would make a greater contribution to predicting the prog-
nosis. These problems will be improved by imaging tech-
nologies such as high-speed SPECT acquisition [29-31] and
low-dose CT technology.
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Conclusions

We proposed a new index to assess the extent of bone metas-
tases using SPECT/CT images. BMVI calculated with an
SUV threshold value of 6 was found to be correlated with
ALP and showed higher value than BSI, suggesting that
BMVI may be improved the low sensitivity of BSI, espe-
cially in patients with low EOD grades. Further studies are
needed to evaluate the correlation between BMVI and prog-
nosis in more patients.
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