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Abstract

Objectives The primary purpose of this study was to determine whether both zoledronic acid (ZA) and denosumab (Dmakb)
equally suppress bone remodeling of the normal mandible, and the secondary purpose was to determine the influence of
ZA and Dmab on other normal bones.

Methods '"*F-sodium fiuoride-positron-emission-tomography (**F-NaF-PET) was used to perform quantitative analysis of
the bone metabolism in varions parts. The end points of the study were the mean standardized uptake value (SUV) of each
member of the ZA group (n=9), the Dmab group (1= 16), and the Control group (n=23).

Results The SUV at the thoracic vertebrae in the ZA group were significantly lower than those of the Dmab and Control
group (»<0.05) In addition, the mean SUVs of the cervical vertebrae in the ZA group were significantly lower than those
in the Control group (p <0.03). There was no significant difference among ZA, Dmab and Control group in the other sites,
There was no significant difference between the Dmab and Control groups at all sites.

Conclusions The remodeling of mandible was not suppressed due to the treatment with anti-resorptive agents. Differences in
the mechanisms of action between the BP and Dmab caused the specificity of the effect on the metabolism of normal bone.
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Introduction survival of patients with bone metastases ol breast cancer is
approx. 20 months, and that for bone metastases of smail-
cell lung cancer is 3-6 months [3, 4].

Bone resorption inhibitors such as bisphosphonates
(BPs), which are the standard treatment for bone metasta-
sis [3], and denosumab (Dmab), which is a human mon-
oclonal antibody that inhibits the receptor activator of

NF-kappapligand (RANKL), are used for bone metastasis,

Bone is a common site of metastasis in cancer. Cancer cells
can easily settle in bone, and cancer cells that have metasta-
sized to bone undergo secondary multiple metastases start-
ing from bone. The incidence of bone metastases is reported
to be 65-95% in breast cancer, prostate cancer, and myeloma
[11. Bone destruction occurs when cancer metastasizes to

bone, resulting in skeletal-related events (SREs) such as
pathological fractures and hypercalcemia [1]. Many bone
pain sensations may also develop, and the proliferation of
cancer induces strong bone pain [2]. The reported median
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The rare and very serious side effects of bone resorption
inhibitors include atypical femoral fractures (AFFs) and
medication-related osteonecrosis of the jaw (MRONI) [6-8].
The reported incidence of antiresorptive agent-related oste-
onecrosis of the jaw treated by an oncology dose, i.e., a high
dose of a BP (HBP), is 0.4-2.3% [9] and that of cases treated
with Dmab is 0.5-3.2% [10]. These levels are similar to the
incidence of MRONI. The incidence of AFF (reated with an
HBP is 0.4—-1.2% [11], and that of AFF treated with Dmab
is 1.8% [9). The mechanisms of AFF and MRONI remain
to be clarified, although both have a common feature in that
they inhibit bone remodeling [7, 12]. Bone resorption inhib-
itor-related osteonecrosis of the jaw is considered to be one

@ Springer



Oral Radiology

of the causes of the site-specific effects of bone resorption
inhibitors on bone metabolism [13].

Due to the difference in developmental bone formation
between long bones and jaw bones, the jaw bones have a
higher rate of bone turnover than other bones, resulting in
more BP deposition and increased bone uptake in animals
[14]. Chang et al. reported that in rats, cells in the crani-
ofacial skeleton are more susceptible to the bisphosphonate
zoledronic acid (ZA) compared to cells in the ilium and tibia
[14]. Our knowledge about the distribution of BP and Dmab
to bone in humans is still limited.

In Japan, a nuclear medicine test using ™Tc bone scin-
tigraphy is the standard method of assessing bone lesions,
whereas '*F-NaF-PET (positron emission tomography) con-
taining '8F-fluoride as an active ingredient is also performed
worldwide. The clinical use of '®F-fuoride as a bone imag-
ing agent was initially demonstrated by Blau et al. [15], and
it was approved by the U.S, Food and Drug Administration
(FDA) as a PET tracer in 1972. 1%F-fluoride ions exchange
with hydroxyl groups in the hydroxyapatite at the surface of
bene crystals, forming fluoroapatite mainly at sites of bone
remodeling with high turnover. The uptake of '®F-Auoride
thus reflects blood flow and osteoblastic activity.

The bone uptake of "®F-fluoride is twofold greater than
that of ®™Tc-MDP (methyl diphosphonate) [16, 17]. Com-
pared with conventional bone scintigraphy, '*F-NaF-PET
has the advantage of a shorter examination time, better
spatial resolution, and better image quality, which improve
the sensitivity and specificity. Compared to bone scans,
'®F-NaF-PET can more accurately assess responses to treat-
ment and detect potential bone metastases [18, 19]. Moreo-
ver, '®F-NaF-PET results can be quantitatively evaluated by
standardized uptake value (SUV) measurements. Its use also
makes it possible to discover minute bone accumulations
that cannot be revealed by bone scintigraphy.

MRONIJ develops only in the jaw, and AFF occurs only in
the femur. We hypothesized that both the jaw and femur may
have their bone metabolism suppressed equally by BP and
Dmab treatment. To test this hypothesis, we used 18R NaF-
PET to perform a quantitative analysis of the bone metabo-
lism at various sites, including the jaw and femur. The pri-
mary purpose of this study was to determine whether ZA
and Dmab equally suppress bone remodeling of the normal
mandible. A secondary purpose was to determine the effects
of ZA and Dmab on other healthy bones.

Patients and methods
Study design

This was a matched, case—control study. We compared bone
metabolic differences in normal bone between patients who
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had been administered ZA (the ZA group), patients adminis-
tered Dmab (the Dmab group), and patients not treated with
an antiresorptive agent (the Control group) by conducting
a quantitative analysis of '®F-NaF-PET findings. We set the
end points of the study as the mean SUV of each of these
three groups.

Patients

We analyzed the data of the patients who underwent treat-
ment for bone metastasis at our University during the period
from April 2016 to April 2020. The patients' eligibility was
based on fulfilling the following eriteria: > 50 years old and
no history of treatment with radiation therapy. The exclu-
sion criteria were as follows: the presence of systemic bone
disease (such as osteoporesis or chondrodysplasia), and prior
treatment with both ZA and Dmab. The median administra-
tion period of the ZA group was 48 months, and that of
the Dmab group was 28 months. The ZA group was nine
patients (two males and seven females), and the Dmab gronp
was 16 patients (11 males and five females). The Contro)
group was 23 patients (20 males and three females) who had
been diagnosed with oral disease or the possibility of bone
metastasis. The Control group was drawn from the same
period as the ZA and Dmab groups. All patients had under-
gone an examination by '8F-NaF-PET due to the presence
of osteonecrosis or a related condition (Table 1).

"8F-NaF-PET

We used the patients' '*F-NaF-PET images for the quan-
tification of the bone uptake of radiopharmaceuticals. All
acquisitions were performed using a Biograph mCT 64-slice
positron emission tomography/computed tomography (PET/
CT) scanner (Siemens Medical Solutions USA, Knoxville,
TN). This scanner has an axial field of view of 21.6 cm.
Patients need no special preparations to undergo the '®F-NaF
PET/CT scan. The data acquisition began with the CT at the
following settings: no contrast agent, 120 kV, quality refer-
ence milliamperes (mAs), 50 mAs (using CARE Dose4D;
Siemens), 0.5-s tube rotation time, 2-mm slice thickness,
2-mm increments, and pitch 0.8. The PET emission scan-
ning of neck spot imaging (10 min per bed position) was
performed GO min after a single intravenous injection of
F-NaF (approx. 5 MBq/kg). After the neck spot imaging,
whole-body PET data from the neck to the mid-thigh level
were acquired for 2 min per bed position (5-7 beds). The
PET data were acquired in 3D mode and were reconstructed
using the baseline ordered-subsets expectation maximization
bases, incorporating correction with a point spread func-
tion and time-of-flight model (two iterations and 21 subselts;
matrix size 256 x 256),



Oral Radiology

Table 1 The patients’

. Sex Median age, Underlying disease Median duration
characteristics (n1=48) years of administration,
months
ZA group, n=9 M:2 4.0 Breast cancer: 5 48.0
F.7 Prostate cancer: 2
Lung cancer: |
Multiple myeloma: |
Dmab group, n=16 M: 11 69.5 Breast cancer: 3 28.0
F:5 Prostate cancer: 8
Lung cancer: 3
Multiple myeloma: 1
Thyroid cancer:; 1
Control group, n=23 M: 20 71.0 Osteomyelitis: 5 —
F:3 Prostate cancer: 10

Oral carcinoma: 4
Other: 4

Dmab denosumab, ZA zoledronic acid

The region of interest (ROI) was selected by identifying the
area with no abnormal accumulation of the mandibular angle,
mandibular ramus, mandibular condyle, body of mandible,
cervical vertebrae, thoracic vertebrae, sternum, rib, humerus,
iliac crest, second lumbar vertebra, femoral head, and diaphy-
seal thigh bone (Fig. 1). The identification of the area without
abnormal accumulation was performed by two subspecialty
nuclear medicine physicians (Y.Y, and Y.N.), and the attending
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physician in each case confirmed that there were no clinical
signs of metastasis or inflammation. Two subspecialty oral
surgeons (M.F. and Y.0.) selected the ROIs at sites without
active dental disease, osteomyelitis, or clinical or imaging
abnormalities. Two observers (MLF. and Y.0) independently
analyzed all of the '*F-NaF-PET images to test both inter- and
intra-observer variability.
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Fig.1 ROT was selected at the intact region of the each area, ROY region of interest
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SUV calculation method

The formula for determining the SUV was as follows:

SUV = radiation concentration (Bq/ml)/
dose at the beginning of the scan (Bq)/
body weight (g).

Statistical analysis

We compared the mean SUVs of each bone ROT among
the ZA, Dmab, and Control groups. The Kruskal-Wallis
test followed by Dunn's test was performed to conipare the
mean SUVs of the groups. The significance level was set
at p <0.05. We determined the inter-observer and intra-
observer reliability of each mean SUV measurement by
obtaining the intraclass correfation coefficient (ICC). A
two-way random effect model was used for inter-observer
reliability, and a one-way random effect model was used for
the intra-observer reliability. All analyses were carried out
using SPSS 25.0 for Windows (SPSS, Chicago, IL).

Table 2 SUVmean values in the ZA, Dmab, and Control groups and ICCs

Results

The median ages were 74.0 £ 8.22 years in the ZA
group, 69.5+10.8 years in the Dmab group, and
71.0 years + 8.28 years in the Control group (p =0.449),
The mean SUVs of the ROIs at the thoracic vertebrae in the
ZA proup were significantly lower than those of the Dmab
and Control groups (mean SUV: 4,48, 5.71, and 6.01,
respectively; p=0.050, p=0.029) (Table 2, Fig. 2). The
mean SUVs of the thoracic vertebrae in the Dmab and Con-
trol group were not significantly different. In contrast, the
mean SUV of the cervical vertebrae in the ZA group were
significantly lower than that in the Control group (4.44 vs.
3.76, respectively; p=0.034), The mean SUVs of the cer-
vical vertebrae were not significantly between the ZA and
Dmab groups, or between the Dmab and Control groups.
There was no significant differences among the ZA,
Dmab, and Control groups in the mandibular angle, man-
dibular ramus, mandibular condyle, body of the mandible,
sternum, rib, humerus, iliac crest, second lumbar verte-
bra, femoral head, or diaphyseal thigh bone. No significant

ZA  Dmab Control pvalue ZA vs. Dmab ZA vs. Control Dmab vs. Control ICC of inter-

ICC of intra-

observer analysis  observer analysis

Variable

Mandibular angle 147 143 141 0.890
Mandibular ramus 1,33 135 125 0.775
Mandibular 127 137 229 0.080
condyle

Body of mandible 2.09 [.84 2.06 0.260
Cervical verte- 444 545 5.76 0.040* 0,095
brae

Thoracic verte- 448 571 601  0.024%* 0,050
brae

Sternum 340 3.34 447 0.086

Rib 136 1.76 262 0.043* 1.000
Humerus 1.86 1.86 2.06 0.652

Iliac crest 370 442 430 0418
Second lumber 419 519 576 0.097
veriebrae

Femoral head 257 250 244 0.286
Diaphyseal thigh 2,19 2.85 2.28 0.128

bone

0.011*

0.026°

0.066

0.748 (0.619~ 0.922 (0.866—
0.837) 0.956)
0.949 (0.915~ 0.869 (0.778-
0.969) 0.925)
0.870 (0.791~ 0.886 (0.807-
0.920) (1.935)
0.947 (0.913- 0.968 (0.944~
0.967) 0.982)

0.344 0.911 (0.853- 0.962 (0.933-
(1.946) 0.979)

1.000 0.892 (0.831- 0.946 (0.906-0969)
0.932)
0.921 (0.876— 0.979 (0.564-
0.951) 0.988)

0.248 0.751 (0.601- 0.904 (0.835~
0.846) 0.945)
0.878 (0.810- 0.953 (0.918-
0.922) 0.573)
0.780 (0.637- (1.967 (0.943-
0.866) 0.982)
0.761 (0.637— 0.937 (0.88%-
0.847) 0.965)
0.927 (0.883— 0.987 (0.576—
0.955) 0.993)
0.866 (0.789- 0.973 (0.951-
4.917) 0.985)

ICC data are followed by 95% confidence interval in parentheses
Kruskal-Wallis test, **p <0.05 pairwise comparison by Dunn’s test
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Fig.2 Mean SUV of cervi- {a) (b)
cal vertebrae and thoracic Mean
vertebrae. SUV standardized suv " *
uptake value, ZA zoledronic |
acid, Dwnab denosumab. a The 1000 T ‘ 10.00 *
mean SUVs of the ROIs at
the cervical vertebrae. b The
mean SUVs of the ROIs at the 600 o 8490
thoracic vertebrae a
6.00 ; 8.00
o
420 T . 400 *
206 200 °
00 00
ZA Dmab Control ZA Dmab Control
*p<0.05

differences between the Dmab and Control groups were
observed at any of the sites (Table 2, Fig. 2). The inter-
observer and intra-observer reliability data of each SUV
measurement are provided in Table 2. The ICC range of the
inter-observer analysis was 0.748-0.949, which indicates
substantial to almost perfect reliability. The ICC range of
the intra-observer reliability analysis was 0.869-0.987,
which also indicates almost perfect reliability.

Discussion

The normal mandibular bone in the ZA group and the femur
in both the ZA group and Dmab group did not exhibit sup-
pressed bone metabolism. In the ZA group, the bone metab-
olism was suppressed at the cervical vertebrae compared to
the healthy controls, and the bone metabolism at the tho-
racic vertebrae of the ZA group was also suppressed com-
pared to both the Dmab and Control groups; in the Dmab
group, no significant difference compared to the controls was
observed. Qur hypothesis that ZA and Dmab equally sup-
press bone remodeling of the normal mandible was, there-
fore, not confirmed.

Ristow et al. reported that in 45 female patients with
breast cancer, the bone turnover of the mandible and femur
was not significantly altered after treatment with both BP
and Dmab [20]. This is consistent with our present find-
ings. We speculate that changes in the bone metabolism of
the mandible and femur depend on external forces due to
mastication, walking and posture, in addition to changes due
to aging, nutritional intake, and the presence or absence of
teeth on the mandible. However, it is unclear why the bone
metabolism of the jaw and femur was not suppressed by ZA
or Dmab. The inhibition of bone remodeling may not affect
the pathogeneses of AFF and MRONIJ.

Zoledronic acid is one of several BP formulations used
clinically. The osteoclasts absorb and take in the bone
together with the BP that is bound to the bone [21]. Osteo-
clasts that have taken up BP undergo apoptosis [22]. As a
result, the osteoclasts are unable to resorb bone, The induc-
tion of osteoclast apoptosis can reduce SREs associated with
bone metastasis [23]. Bisphosphonates rapidly bind to bone
by chelating calcium ions on the surfaces of hydroxyapatite
[24]. After bone binds to a BP, the BP is released when the
bone on which the BP is deposited is resorbed by osteoclasts.
The half-life of a BP in bone is thus very long, varying from
1 to 10 years, depending greatly on the rate of bone turnover
[25]. Bisphosphonates also bind preferentially to bones with
high turnover, and the distribution of a BP at bone is not
homogeneous; the BP uptake is greater in trabecular bone
compared to cortical bone due to the greater blood flow,
surface area, and bone turnover in trabecular bone [25].

Bone is composed of cortical bone and cancellous bone,
with cortical bone accounting for 75% and cancellous bone
for 25%. Cortical and cancellous bone differ in terms of
bone metabolism, with 4% cortical bone turnover and 25%
cancellous bone turnover per year [26]. The composition
of the jawbone has been reported to have a cortical bone
arca of 44-54.2%, but since the femoral neck accounts for
17.9%, the proportion of cancellous bone in the jawbone is
lower than in other parts [27]. In contrast, the spine is mainly
cancellous bone. We speculate that our present finding was
obtained, because the effect of the patients' treatment with
a BP on bone metabolism suppression in the vertebrae was
strong.

Denosumab is an anti-RANKL antibody and thus a tar-
geted drug that targets RANKL. It binds to the produced
RANKL and prevents RANK on osteoclast precursors from
binding to RANKL [21]. As a result, osteoclast precur-
sors die without reaching mature osteoclasts. Denosumab
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prevents fractures and suppresses the expression of SREs
by inhibiting the differentiation into mature osteoclasts [23].
The different mechanisms of action of the inhibition of bone
resorption hetween Dmab and ZA may thus explain why the
Dmab group's results were not significantly different from
those of the Control group.

3E_Fluoride is a PET tracer for bone. *F-ions accumu-
late in bone tissue after the hydroxyl groups of hydroxyapa-
tite produced in the remodeling process are replaced with
18F_jons and are bound [28]. The amount of accumulation
depends on the local blood flow and the remodeling activ-
ity at the bone metastasis site [29]. PET with '3F-Auoride
has many advantages over traditional bone scintigraphy.
The sensitivity and specificity are high and images are
produced more quickly (within 1 h after injection, as the
acquisition time is short) [18]. In addition, the correlation
by a CT examination allows us to pinpoint the anatomical
location of lesions, increasing the research specificity [30].
Qur present examination method thus appears to be more
sensitive and more specific than previous reports about the
response of bone metabolism to antiresorptive agents using
bone scintigraphy [20].

The uptake of F-ions into normal bone with '*F-NaF-PET
is predominant in axial bone [31], and the SUV is reported
to be different at each site. The lumbar spine, thoracic spine,
and cervical spine have higher SUVs than the femoral head,
and parietal and humeral bones have lower SUVs [32]. The
significant differences in the SUVs of the present Control
group are consistent with that report [32].

Our study has several limitations. We did not determine
the presence or absence of teeth, vital or nonvital teeth, mas-
ticatory ability, walking ability, or nutritional intake, all of
which might affect bone metabolism. Moreover, due to the
small sample size, our results should be validated by further
studies. The values obtained before and after medical treat-
ment in the same sample should also be acquired in a future
investigation,

Here, using the SUV obtained by '®F-NaF-PET, we report
for the first time that the effects of BP and Dmab on normal
bone are different. The decreased uptake of F-NaF in the
ZA group could be explained by the inhibition of osteoblas-
tic activity following the suppression of osteoclastic activ-
ity caused by this BP [33-35]. However, we were unable
to find any studies that performed '*F-NaF-PET imaging
after Dmab treatment. It is necessary that we focus on the
mechanism of "*F-NaF accumulation for Dmab.

Our results revealed that bone metabolism was character-
ized by its location. The remodeling of mandibular bone was
not suppressed by treatment with the antiresorptive agents.
It is likely that the different mechanisms of action of the
inhibition of bone resorption between bisphosphonates and
denosumab caused the differences in their effects on the
metabolism of normal bone.
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