
Abstract. The purpose of this study was to examine the
usefulness of administration of denosumab (antibody against
tumor necrosis factor superfamily member 11) as a
preventative therapy for skeletal-related events (SREs), such
as fracture or paralysis, by computed-tomography (CT)-
based on the finite element method (FEM). Patients who had
undergone treatment for vertebral metastases with
denosumab administration from December 2013 to August
2015 at our Institution were reviewed. We investigated
patient data at the time before denosumab administration
and at 1, 3 and 6 months using CT. A total of six patients
were eligible; four males and two females, with ages ranging
from 35 to 73 years, with a mean age of 56 years. Repeated
measures analysis of variance showed a significant increase
(p=0.0055, F=10.67). To our knowledge, this is the first
article to substantiate the effects of the SRE-preventative
drug denosumab.

There are now multimodal therapy options for various cancer
types, hence the prognosis of patients is accordingly assumed
to be longer than in the past. However, the issue of how to
treat bone metastases in patients with advanced cancer has
not yet been resolved. In particular, there is the problem of
poor activities of daily living due to skeletal-related events
(SRE) such as fracture or paralysis resulting from vertebral
collapse. Preventative therapy for SREs is widespread

nowadays. In a randomized controlled trial of high-risk
males with castration-resistant prostate cancer, treatment
with denosumab was associated with improved bone
metastasis-free survival (1). However, no surrogate has been
validated yet for forecasting the likelihood of SREs.

Computed tomography (CT)-based finite element method
(FEM) has recently been developed as a useful and non-
invasive method for estimating bone strength in osteoporotic
bone (2-5). A bone’s strength, by which osteoporotic bone
could be evaluated accurately based on CT-based FEM, might
be one reliable surrogate for establishing appropriate timing for
preventive therapy. However, there have been no studies
applying CT-based FEM to bone metastasis as far as we are
aware of.

We have established a Cancer Board at our hospital, and
organized a new cooperative system to follow-up patients
with advanced cancer for long periods for the purpose of
maintaining their activities of daily living (ADL). In this
system, we are able to evaluate time-dependent changes of
bone strength by CT-based FEM.

The purpose of this study was to examine the usefulness
of denosumab administration for preventative therapy of
SRE, such as fracture or paralysis, using CT-based FEM.

Patients and Methods

Patient data. This prospective study protocol was approved by the
Institutional Review Board (2013-H217). Patients who had
undergone treatment for vertebral metastases with denosumab
administration from December 2013 to August 2015 at our
Institution were reviewed. All cases were given histological
diagnoses by biopsy before we treated skeletal metastases. 

All patients were followed-up for a minimum of 6 months, and
we investigated patient data at the time before denosumab
administration and 1, 3 and 6 months using CT. Afterwards, we
evaluated time-dependent changes in the bone strength of vertebral
bony metastases and one vertebral bone with no metastasis.

1027

Correspondence to: Norimitsu Wakao, Department of Spine Center,
Aichi Medical University, 21 Karimata, Yazako, Nagakute City,
Aichi 480-1195, Japan. Tel: +81 561623311, Fax: +81 561631087,
e-mail: nwakao2009@yahoo.co.jp 

Key Words: CT-based finite element analysis, bone metastasis, bone
strength, CT-based finite element method, denosumab
administration.

ANTICANCER RESEARCH 36: 1027-1032 (2016)

Effect of Denosumab Administration on Lumbar 
Vertebral Strength of Patients with Vertebral 

Bony Metastases: Preliminary Study
KATSUHISA KAWANAMI2, NORIMITSU WAKAO1,2, KENTA MUROTANI3, 

MITSUHIRO KAMIYA1,2, MIKINOBU TAKEUCHI1, ATSUHIKO HIRASAWA1,2,
TOSHIHIRO MATSUO2, KEIJI SATO2 and MASATAKA DEIE2

1Spine Center, 2Department of Orthopedic Surgery, and 3Division of Biostatistics, 
Clinical Research Center, Aichi Medical University, Nagakute, Aichi, Japan

0250-7005/2016 $2.00+.40



Patient data including gender, age, performance status (PS) (6),
primary site, laboratory data, Katagiri’s score (7), presence of
visceral or cerebral metastases, adjuvant treatment, Numerical
Rating Scale (NRS) and CT data were surveyed. We also
investigated time-dependent changes of bone resorption markers
such as tartrate-resistant acid phosphatase 5b (TRAP5b) and urinary
cross-linked N-telopeptide of type 1 collagen (NTx) before
denosumab administration and at 1, 3 and 6 months by using
withdrawing blood.

CT data of all patients were obtained with a slice thickness of 3
mm and a pixel width of 0.41 mm (X-vision SOMATOM 64
Cardiac; Siemens, Munich, Germany; 120 kV, 135 mAs, 512×512
matrix), as well as a calibration phantom (B-MAS200; Kyoto
Kagaku, Kyoto, Japan) containing five hydroxyapatite rods (0, 50,
100, 150, 200 mg/cm3) before treatment.

Patients were included if CT images were sufficiently clear,
whatever their age, gender, or race. Patients having images with
halation because of an artificial denture or some implant, those who
had undergone past vertebral surgery, and those who demonstrated
pathological vertebral fractures, were excluded. All examinations
were reviewed by KK. All patients gave their informed consent for
each examination and treatment.

Treatment. All patients received subcutaneous denosumab at 120 mg
every 4 weeks. Daily supplementation with calcium (≥500 mg) was
also given to prevent hypocalcemia.

FE modeling. In this study, MECHANICAL FINDER software
(Research Center of Computational Mechanics Inc., Tokyo, Japan)
was used to make FE models. In our 3D-FE models, trabecular bone
was simulated using 5-mm tetrahedral elements, and the outer
surface of the cortical shell was modeled using 5-mm triangular
plates. Since the purpose of this study was to analyze more models
of actual fractures in patients than in former studies, models with
5-mm tetrahedral elements were adopted. We used triangular shell
elements on the outer surface of the cortex to represent the thin
cortical shell, and also to reduce the overestimation of thickness and
underestimation of the material properties of surface elements due
to the resolution of clinically available CT scanners (8). The
thickness of the cortical shell was set at 0.4 mm to represent the thin
cortical shell because the pixel width of the CT scan images was
0.41 mm.

Non-linear material properties. Material properties of trabecular
bone were essentially considered as bilinear, elastoplastic and
heterogeneous. Young’s modulus and the yield stress of each
tetrahedral element were calculated using the equations proposed by
Keller (9). A Poisson ratio of 0.4 was assumed (10). Former reports
show that Young’s modulus of the cortex ranged from 11 to 24 GPa
or from 9 to 21 GPa (11, 12). We took Young’s modulus of each
triangular shell element to be equivalent to that of the adjacent
tetrahedral element located beneath the shell element; the minimum
Young’s modulus of the shell element was set as 10 GPa.
Considering non-linear analysis, the mechanical properties of the
elements were assumed to be bilinear elastoplastic, and the post-
yield modulus was set as 5% of the pre-yield Young’s modulus. 

Failure. Failure of the yield element in compression was defined
when the minimum principal strain of an element was less than
−10,000 microstrains, because earlier reports showed that the
ultimate strain for trabecular bone loaded in compression ranged
from −3000 to −27,900 microstrains, averaging −11,000
microstrains, against −9,700 to −15,000 with an average of −11,800
microstrains for cortical bone (13). The method of analyzing bone
strength is shown in Figure 1.

Statistical analysis. Statistical significance of differences was
evaluated with repeated measures analysis of variance (repeated-
ANOVA). Analysis was performed using the PROC MIXED
procedure in SAS9.4 (SAS Institute Inc., Cary, NC, USA). A p-
value of less than 0.05 was considered statistically significant.

Results

A total of six patients were eligible. They were four males
and two females with ages ranging from 35 to 73 years, with
a mean age of 56 years. Patient data including gender, age,
performance status, primary site, laboratory data, Katagiri’s
score, visceral or cerebral metastases, treatment for primary
lesion and NRS are shown in Table I. 

Vertebral bony metastases in five out of these six patients
demonstrated increased bone strength at 6 months. The
average bone strength before denosumab administration was
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Table I. Clinical data for patients who had undergone treatment with denosumab administration for vertebral metastases.

Case 1 2 3 4 5 6

Gender Male Female Female Male Male Male
Age (years) 67 65 73 35 52 44
Cancer site Renal pelvis Breast Breast Lung Renal Renal
PS 3 2 2 1 1 3
Katagiri score 6 1 1 6 5 7
Visceral or cerebral metastases + – – + + +
Radiotherapy + + – + – +
Chemotherapy + + + – + –
NRS before administration 8 2 7 1 10 10
CT images before administration Osteolytic Mixed Osteolytic Osteolytic Osteolytic Osteolytic

CT: Computed tomography; PS, performance status; NRS, Numerical Rating Scale.  



7500 N, and the average bone strength after 6 months;
administration was 10600 N (Figure 2). The yellow arrow in
Figure 3 shows the site of bone failure in case 1 before and
after 6 months of denosumab administration. Statistical
significance of differences in bone strength was evaluated
with repeated measures ANOVA. Vertebral bony metastases
showed a significant increase (p=0.0055, F=10.67). On the
contrary, bone strength of the adjacent vertebral bone with
no metastasis did not show a significant increase.

The analysis of bone resorption markers (TRAP-5b and
urinary NTx) demonstrated a decrease in both markers as a
result of denosumab administration (Figures 4 and 5). In our
study, SRE such as fracture or paralysis did not occur up to 6
months after denosumab administration. In addition, the NRS
score improved in all cases, namely that pain decreased.
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Figure 1. A finite element model of vertebral bone in case 1, illustrating
the compressed condition and loading direction. All nodes of the lower
endplate of the vertebral model were completely restrained. A uniaxial
compressive load with a uniform distribution and a uniform load
increment was applied.

Figure 3. The yellow arrow shows the site of bone failure in case 1
before denosumab administration and after 6 months. This case
demonstrated substantial increase in bone strength as a result of
denosumab administration.

Figure 2. Bone strength before denosumab administration and after 6
months. Repeated measures analysis of variance, p=0.005.

Figure 4. The result of time-dependent change of tartrate-resistant acid
phosphatase 5b (TRAP5b) marker. Repeated measures analysis of
variance, p=0.0142.

Figure 5. The result of time-dependent change of urinary cross-linked
N-telopeptide of type 1 collagen (NTx) marker. Repeated measures
analysis of variance, p=0.0071.



Discussion

Our study evaluated the reputed SRE-preventative effects of
denosumab against the standard of bone strength by CT-
based FEM, demonstrating an increase in bone strength over
time in vertebral metastatic bone and maintenance of bone
strength in non-metastatic bone. The study applied FEM to
human metastatic bone, and to our knowledge, this is the
first article to substantiate the effects of the SRE-preventative
drug denosumab. 

The suitability of using CT images and FEM as a basis for
bone strength analysis has been previously verified in the
osteoporosis field through the strong correlation between
fracture strength of proximal femur in cadavers and fracture
strength as analyzed using CT-based FEM simulations (14).
The same method of analysis was used for metastatic bone
tumors in this study, but the demonstration experiment’s data
previously applied to metastatic bone was lacking. Therefore,
bone strength was established from using neighboring non-
metastatic sections of the vertebral body as a control, and
then this study tracked changes in bone strength over time in
these sections as well as in metastatic sections. We examined
features of imaging findings in diseased vertebral body
sections from five cases of osteolytic lesions and one case of
mixed osteolytic and osteosclerotic sections before
denosumab administration. The five cases with osteolytic
changes all exhibited osteosclerotic findings after six months,
with bone strength significantly increased in four of them.
There was no observable increase in bone strength in the
remaining case (case 5), which had bone loss. The one case
with mixed osteosclerotic and osteolytic lesions before
denosumab administration exhibited osteosclerosis and
increased bone strength after 6 months. In contrast to these
image changes in metastatic sections of the vertebral body,
the neighboring non-metastatic sections of the vertebral body
displayed neither image changes nor any significant changes
in bone strength over 6 months. These results, combined
with the confirmed inhibition of bone resorption markers and
improvement in pain, suggest that administration of
denosumab inhibited the activity of osteoclasts that had been
increasing in the metastatic sections of the vertebral body
and brought about a favorable state of osteoblasts, achieving
osteosclerosis and an increase in bone strength. However, as
seen previously in the literature, bone loss in sections of the
vertebral body affected by tumors is a significant factor in
bone strength reduction, that also suggests that achieving an
increase in bone strength in these cases is difficult (15).

With regard to the result of no changes in bone strength in
neighboring non-metastatic lesions of the vertebral body, the
results of previous studies on osteoporosis serve as a reference.
When the results of this study are considered together with
those of previous research, for example from a prospective
study in which 33 patients administered alendronate exhibited

significantly increased bone strength after 12 months (16), a
randomized controlled trial on postmenopausal osteoporosis
that demonstrated a 4.2% reduction in bone strength 36 months
later for patients administered a placebo (n=48) as opposed to
an 18.2% increase in bone strength for those administered
denosumab (n=51) (17), and a study that did not observe any
significant difference in bone strength until 12 months after
treatment with either denosumab or a placebo (18), it is
suggested that the principal factor in the absence of
demonstrated changes in bone strength in non-metastatic
lesions of vertebral body in this study was the short follow-up
phase. In the future, long-term tracking of bone strength
following intervention with denosumab will be necessary.

On the other hand, adverse events have been reported in a
certain proportion of cases following administration with
denosumab (19). One new finding obtained in this study,
namely that inhibition of bone resorption and resulting
osteosclerosis and further increase in bone strength caused
by intervention with denosumab stabilizes and improves pain
in the vertebral column, is undoubtedly a valid treatment
intervention for maintaining quality of life and ADL in the
terminal phase of stage IV solid cancer. Fortunately, no
adverse events were observed in this case series, although a
certain number of adverse events would be expected in
studies with larger sample sizes. In conclusion, we consider
that the benefits of denosumab administration for metastatic
bone cancer exceed the risks. 

Study limitation. As was shown in the discussion so far, the
present study has a number of limitations: i) There was no
validation for bone metastases. ii) There was a large variation
in the cancer and clinical background of patients, so no
verification could be made as to whether effects resulted
from the intervention of denosumab or from other factors.
iii) There was no consideration of the material properties of
metastasizing bone. iv) The number of cases was small. 

Future plan. Taking into account these study limitations,
we have established the following plan for the future. i)
Obtain validation for the FEM analysis of metastatic bone
tumors. ii) Accumulate data for all adjuvants, stages, and
cancer types. iii) Investigate in the long term whether
primary bone strength could be a surrogate for predicting
subsequent SREs, and determine appropriate criteria for use
of denosumab.

Conclusion

The present study is, as far as we know, the first to apply CT-
based FEM to bone metastases. There is some room for
improvement regarding the reliability of its results, but with
the effect of successive bone strength increase through
denosumab intervention for stage IV cancer cases, bone
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turnover marker inhibition and improved subjective
symptoms, there is the possibility that CT-based FEM will
be an extremely useful assessment method in improving
quality of life in the final stages of cancer. 
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