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Purpose: To investigate the effects of sequential therapy with monthly intravenous ibandronate on bone mineral
density (BMD) and microstructure in patients with primary osteoporosis who received teriparatide treatment.
Methods: Sixty-six patients with primary osteoporosis who had undergone teriparatide treatment for more than
12 months (mean 18.6 months) received sequential therapy with 1 mg/month intravenous ibandronate for 12
months. The patients were evaluated using dual-energy X-ray absorptiometry (DXA), quantitative ultrasound,
bone turnover markers, and high-resolution peripheral quantitative computed tomography (HR-pQCT) at
baseline and 6 and 12 months after beginning administration.
Results: At 12 months after beginning sequential therapy, the bone resorption marker, tartrate-resistant acid
phosphatase-5b, decreased by 39.5%, with 82.3% of the patients exhibiting levels within the normal limit. DXA
revealed that the BMD of the lumbar spine increased by 3.2%, with 79.0% of the patients exhibiting a response,
and 40.3% experiencing an increase in BMD over 5%. HR-pQCT revealed that the cortical thickness of the distal
tibia was increased by 2.6%. The cortical area increased by 2.5%, and the buckling ratio (an index of cortical
instability) decreased by 2.5%. Most parameters of the trabecular bone showed no significant changes. These
changes in the cortical bone were observed in both the distal radius and tibia and appeared beginning 6 months
after treatment initiation.
Conclusions: Sequential therapy with monthly intravenous ibandronate increased the BMD and improved the
cortical bone microstructure of osteoporotic patients who had undergone teriparatide treatment.

1. Introduction
Teriparatide is now commonly used for patients with severe osteo
porosis [1–4]. However, when osteoporosis treatment is discontinued
after completion of teriparatide, the increased bone is not maintained

but decreases. Therefore, sequential therapy with a bone resorption
inhibitor is recommended [5–12].
Although denosumab possesses strong osteoclastic inhibitory effects,
because of the risk of intense acceleration of bone resorption after
discontinuation [13–15], caution is required, especially in elderly
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patients for whom reliable follow-up is challenging.
In contrast, bisphosphonates are long-acting drugs that retain their
effects after treatment is discontinued [16,17]. Accordingly, switching
to a bisphosphonate following teriparatide treatment has become a
viable option [5–7,10,12].
Oral bisphosphonates for elderly patients are effective, but prob
lematic in terms of compliance, polypharmacy, and a concern with
sustainability [18]. Once-yearly intravenous administration of zoledro
nate may induce renal damage [19].
In North America and Europe, ibandronate, a nitrogen-containing
bisphosphonate, is approved for oral use of 150 mg monthly and
intravenous preparations of 3 mg once every 3 months [20]. In Japan,
monthly intravenous preparations of 1 mg are approved and used for
many elderly patients due to the reliable bioavailability and minimal
adverse reactions [21–26]. To treat elderly patients with severe osteo
porosis, sequential administration of teriparatide followed by ibandro
nate is frequently performed. However, evidence is not sufficient
regarding the efficacy of this regimen.
High-resolution peripheral quantitative computed tomography (HRpQCT) has the highest resolution (voxel size: 60.7 μm) among all
available clinical CT methods and enables non-invasive analysis of
changes in bone microstructure in osteoporotic patients [27–29]. In
2014, second-generation HR-pQCT technology was developed,
providing faster scan times and higher resolution [30,31]. To date, no
previous studies have used HR-pQCT to analyze the effects of monthly
intravenous ibandronate [32].
The purpose of this study is to investigate how sequential therapy
with monthly intravenous ibandronate affects the bone mineral density
(BMD) and microstructure in patients with primary osteoporosis who
have undergone teriparatide treatment.

of at least 75% for teriparatide treatment. The exclusion criteria were
serious cardiac disease, serious hepatic disease, serious renal disease,
active malignant tumor, endocrine metabolic disease affecting bone
metabolism, secondary osteoporosis (steroids, rheumatoid arthritis,
immobility, etc.), previous history of steroid use at 5 mg and above for 3
months or longer, previous history of drug use affecting bone meta
bolism, oversensitivity to bisphosphonate preparations, hypocalcemia,
and three or more vertebral fractures in the first to fourth lumbar
vertebrae.
2.3. Intervention
Within 8 weeks after the final use of teriparatide, the subjects started
receiving monthly intravenous ibandronate (Bonviva® Intravenous In
jection 1 mg Syringe, Chugai Pharmaceutical Co., Ltd.) for 12 months
and a medical compound of calcium (610 mg/day), natural vitamin D
(400 IU/day), and magnesium (30 mg/day) (New Calcichew, Takeda
Pharmaceutical Co.). A notebook was handed to each subject to keep
track of oral ingestion every morning to confirm drug compliance.
During the administration period, information on adverse events was
collected.
2.4. Dual-energy X-ray absorptiometry (DXA) and quantitative
ultrasound (QUS)
At baseline and 6 and 12 months after beginning administration,
bone density was assessed with DXA and QUS. Using DXA (Lunar
Prodigy Advance, GE Lunar, Madison, WI), the areal bone mineral
density (aBMD) and T-scores of the lumbar spine (L1–4), proximal femur
(total hip and femoral neck on both sides), and radius (radius 1/3) were
measured. Measurements of the lumbar spine were strictly excluded if a
high aBMD due to degenerative changes and fractures was confirmed in
images. The speed of sound (SOS) in the calcaneus was measured using
QUS (CM200, Furuno Electric Co., Ltd., Nishinomiya, Japan).
Regarding reproducibility, root-mean-square coefficient of variation
(RMS%CV) was 0.99% for aBMD of the lumbar spine (L1–4), 0.42% for
the total hip, 0.76% for the femoral neck, and 0.48% for the SOS of the
calcaneus.

2. Methods
2.1. Study design
This study examined the effects of monthly intravenous injections of
ibandronate (Bonviva Syringes for Intravenous Injection, Chugai Phar
maceutical Co.) for 12 months for osteoporotic patients who had un
dergone teriparatide treatment. The study was conducted as a singlearm, open-label, multi-center joint trial (Fig. 1) (Effects of MOnthly
intravenous ibaNdronate on bone mineral density and MicrostrUcturE in
patieNts with primary osteoporosis after Teriparatide treatment: MON
UMENT study). This study was approved by the Nagasaki University
Clinical Research Review Board and was registered in the Japan Registry
of Clinical Trials (jRCT) (jRCTs071180086).

2.5. Bone turnover markers
At baseline and 6 and 12 months after beginning administration,
bone metabolism was evaluated with the bone resorption marker,
tartrate-resistant acid phosphatase-5b (TRACP-5b) and the bone for
mation marker, total type I procollagen-N-propeptide (total P1NP). In
addition, general biochemical levels of corrected calcium, phosphorus,
and intact parathyroid hormone were also examined. At baseline only,
levels of 25-hydroxyvitamin D (25(OH) vitamin D) and pentosidine were
measured.

2.2. Subjects
The study involved patients with primary osteoporosis who had
received teriparatide treatment for more than 12 months. The inclusion
criteria were age of 55 years or older, female sex, and a compliance rate

Fig. 1. Study protocol of the MONUMENT study.
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2.6. HR-pQCT scan

measured aBMD values in the lumbar spine (L1–4) from baseline to 12
months after the first administration. The percent change at 12 months
was calculated as a proportion of the change: measurement at 12 months
– measurement at baseline/measurement at baseline The secondary
endpoints were the percent change of all other evaluation items from
baseline to 6 and 12 months after beginning administration.

At baseline and 6 and 12 months after beginning administration, the
volumetric bone mineral density (vBMD), bone microstructure, and
estimated bone strength were assessed with HR-pQCT. With the nondominant forearm and lower leg of each patient fixed with a special
ized cast, the distal radius and tibia were scanned with secondgeneration HR-pQCT (XtremeCT II, SCANCO Medical AG, Brüttisellen,
Switzerland). Based on the guidelines for the HR-pQCT assessments, the
scanned regions were set at a 10.2-mm width of the distal radius 4%
proximal of the forearm length from the hand joint and a 10.2-mm width
of the distal tibia 7.3% proximal of the lower leg length from the
talocrural joint [33,34]. The scan conditions were as follows: tube
voltage: 68 kVp; tube current: 1470 μA; integration time: 4.3 ms;
number of projections: 900; field of view: 140 mm; matrix: 2304 × 2304;
voxel size: 60.7 μm; number of images: 168; scan time: 2.0 min; exposed
dose: CTDIvol 10.8 mGy, DLP 11.0 mGy⋅cm; and effective dose: 5 μSv.

2.9. Statistical analysis
The sample size was determined based on the result from our power
analysis. Referring to a previous report [5], we postulated that the mean
and standard deviation of the standardized change in aBMD at 12
months from the switch in medication to a bisphosphonate from ter
iparatide are 2.5% (5.5%). According to this assumption, we calculated
that 53 was the minimum sample size with a statistical power over 80%
to detect a standardized change at 12 months >0 using the Student’s ttest with the alpha of 0.05 (two-sided). Further, 13 patients were added
based on the estimation of a 20% dropout rate. Therefore, we decided to
recruit 66 patients as subjects in our study.
For the primary analysis, we used the Student’s t-test to test the null
hypothesis that the mean of the primary endpoint is 0 on the full analysis
set (FAS). The FAS consisted of all subjects who received at least one
protocol treatment and who had results of aBMD measurement at
baseline and month 6, month 12, or both. Another analysis set was the
per protocol set (PPS), which consisted of subjects in the FAS who
received administration of ibandronate over 80% of the planned pro
tocol treatment, who showed adherence to treatment with the medical
compound of calcium, natural vitamin D, and magnesium over 60% for
every month during the observation period, who had measurement re
sults for aBMD for all time points (baseline, 6 and 12 months), and who
had no major protocol deviations that could affect the efficacy assess
ment. As for FAS, missingness in the measurement results at 12 months
was complemented by addition of the result at 6 months and the least
change between 6 and 12 months among the FAS. Also, missingness in
the measurement results at 6 months was complemented by the arith
metic mean of the results at baseline and 12 months for the FAS. The
same analysis on the PPS was conducted for supportive purposes.
The measured values, changes, and percent change were summa
rized by the arithmetic mean, standard deviations, 95% confidence in
tervals (95% CI), and p-values from the two-sided Student’s t-test. The
program source code for analyses is available at the GitHub repository
(https://mrmtshmp/proj.MONUMENT).

2.7. Bone microstructure analysis
Three-dimensional registration of the HR-pQCT images was per
formed for the datasets at baseline and 6 and 12 months after beginning
administration. vBMD and bone microstructures were analyzed for the
common domain of the three datasets (TRI/3D-BON, Ratoc System En
gineering Co., Ltd.) [35]. Measurement items were divided into the
following three categories [36]:
1) Trabecular bone: Trabecular volumetric bone mineral density (Tb.
vBMD, mg/cm3); trabecular bone volume fraction (BV/TV, %); trabec
ular thickness (Tb.Th, mm); trabecular number (Tb.N, 1/mm); trabec
ular separation (Tb.Sp, mm); structure model index (SMI): an index for
quantifying the trabecular shape, whether it is plate-shaped (SMI = 0) or
rod-shaped (SMI = 3); connectivity density (Conn.D): an index for
quantifying trabecular connection; and degree of anisotropy (DA): an
index for quantifying the trabecular direction.
2) Cortical bone: Cortical volumetric bone mineral density (Ct.
vBMD, mg/cm3); cortical volumetric tissue mineral density (Ct.vTMD,
mg/cm3); cortical porosity (Ct.Po, %); cortical perimeter (Ct.Pm, mm);
cortical area (Ct.Ar, mm2); cortical thickness (Ct.Th, mm); minimum
cortical thickness (Ct.Th.Min, mm); and buckling ratio (BR): an index for
resistance to buckling calculated from the maximum distance from the
bone axis to the cortical bone and the cortical thickness.
3) Total bone: Total volumetric bone mineral density (Tt.vBMD, mg/
cm3); stiffness (kN/mm); and failure load (FL, kN).
vBMD values were converted from the X-ray attenuation values using
a regression line created from phantom images. Bone microstructure
analysis was performed on binarized images with a threshold of 320 mg/
cm3 for trabecular bone and 450 mg/cm3 for cortical bone. Tb.Th, Tb.Sp,
and Ct.Th were directly measured [37].
Stiffness and failure load were analyzed using the finite element
method (IPL, SCANCO Medical AG). With a Young’s modulus of 10 GPa
and a Poisson ratio of 0.3, bone stiffness when a load is applied to the
bone axis direction was predicted. Failure was defined as more than
2.0% of all voxels becoming strained by at least 0.7%.
Regarding reproducibility, RMS%CV at the radius and tibia,
respectively, were: 1.86% and 1.48% for Tb.vBMD, 1.42% and 1.11%
for BV/TV, 0.94% and 0.84% for Tb.Th, 1.75% and 2.45% for Tb.N,
2.31% and 3.27% for Tb.Sp, 3.25% and 5.20% for SMI, 5.76% and
5.79% for Conn.D, 3.56% and 2.05% for DA, 0.59% and 0.57% for Ct.
vBMD, 0.59% and 0.57% for Ct.vTMD, 6.08% and 6.02% for Ct.Po,
0.10% and 0.10% for Ct.Pm, 0.92% and 1.34% for Ct.Ar, 0.99% and
1.38% for Ct.Th, 1.73% and 1.32% for Ct.Th.Min, 1.02% and 1.50% for
BR, and 0.90% and 1.01% for Tt.vBMD.

3. Results
3.1. Subjects
As shown in Fig. 2, 66 patients were enrolled in this study. Overall,
three patients withdrew within 6 months after beginning administra
tion, and one patient discontinued within 12 months, resulting in a
dropout rate of 6.1%. In the FAS, one patient had no measurement re
sults at 12 months, and the missingness was complemented as described
in the statistical analysis section.
As listed in Table 1, the analysis subjects (63 in the FAS) had a mean
age of 77.3 years. They were mostly elderly, with 69.8% over the age of
75 years. They were small women with a mean height of 147.7 cm and
body mass index of 22.6 kg/m2.
Among the participants, 61.9% had a previous history of fragility
vertebral fractures (11 thoracic, 15 lumbar, and 13 thoracolumbar
vertebrae) and received teriparatide treatment for an average of 18.6
months. The median DXA T-scores were − 2.7 for the lumbar spine, − 2.0
for the total hip, and − 2.5 for the femoral neck; 74.6% of the patients
were diagnosed with osteoporosis (T-score <− 2.5). The median TRACP5b value was 469 mU/dL, and that of total P1NP was 62.5 μg/L. The
level of 25(OH) vitamin D was 12.3 ng/mL, indicating vitamin D
deficiency.

2.8. Endpoints
The primary endpoint of this study was the percent change in DXA3
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Table 2
Changes in aBMD measured by DXA, SOS measured by QUS, and bone turnover
makers.

DXA

Fig. 2. Consort diagram of the MONUMENT study.
Table 1
Background data of the patients included for the analysis (n = 63).

(years)
(n, %)
(cm)

Weight

(kg)

BMI

(kg/m2)

History of fragility
fracture
History of OP
treatment
FRAX
DXA
T-score

Blood test

Vertebra
Proximal femur
Distal radius
Others
Duration of
teriparatide
Major OP fracture
Hip fracture
Lumbar spine
Total hip
Femoral neck
Radius 1/3
Osteoporosis
Osteopenia
TRACP-5b
total P1NP
25(OH) vitamin D
Pentosidine
Corrected Calcium
Phosphate
intact PTH

(n, %)
(n, %)
(n, %)
(n, %)
(months)
(%)
(%)

(n, %)
(n, %)
(mU/dL)
(μg/L)
(ng/mL)
(nmol/L)
(pmol/
mL)
(mg/dL)
(mg/dL)
(pg/mL)

aBMD

(g/
cm2)

Total Hip

aBMD

(g/
cm2)

Femoral
Neck

aBMD

(g/
cm2)

Radius 1/
3

aBMD

(g/
cm2)

QUS

Calcaneus

SOS

(m/s)

BTM

TRACP-5b

(mU/
dL)

total P1NP

(μg/
L)

6 months
(n = 63)

12 months
(n = 62)

Value

Change
(%)

Change
(%)

0.803
(0.708,
0.902)
0.700
(0.640,
0.777)
0.652
(0.588,
0.707)
0.513
(0.442,
0.566)
1470
(1457.5,
1480)
469.0
(390.5,
617.5)
62.5 (42.0,
76.3)

2.2 ±
4.6**

3.2 ±
5.5**

1.1 ±
2.0**

1.2 ±
2.2**

1.0 ± 2.4*

1.3 ±
2.6**

0.6 ± 4.6

0.9 ± 6.0

0.3 ±
0.7**

0.0 ± 0.8

¡43.4 ±
22.2**

¡39.5 ±
23.8**

¡58.9 ±
24.9**

¡60.2 ±
25.9**

DXA: dual-energy x-ray absorptiometry, aBMD: areal bone mineral density,
QUS: quantitative ultrasound, SOS: speed of sound, BTM: bone turnover maker,
TRACP-5b: tartrate-resistant acid phosphatase 5b, P1NP: Procollagen type 1 N
propeptide.
Median (25%, 75%), Mean ± SD, * p < 0.01, ** p < 0.001 vs baseline. Bold font
indicates significant differences.

Study population (n
= 63)
Age
Age > 75 years
Height

Lumbar
Spine

Baseline (n
= 63)

77.3 ± 7.3 (58, 90)
44 (69.8)
147.7 ± 6.6 (131.7,
160.7)
49.3 ± 7.6 (32.0,
70.0)
22.6 ± 2.8 (15.2,
30.2)
39 (61.9)
5 (7.9)
9 (14.3)
2 (3.2)
18.6 ± 4.9 (12, 24)

radial 1/3 aBMD and calcaneal SOS values exhibited minimal changes.
We confirmed that the effect of complementation for missingness
(described in the statistical analysis section) was trivial by checking the
mean after removal of the complemented data.
3.3. Bone turnover markers

29.0 (22.0, 36.0)
11.0 (7.5, 18.5)
− 2.7 (− 3.4, − 1.8)
− 2.0 (− 2.5, − 1.4)
− 2.5 (− 3.1, − 2.0)
− 3.8 (− 4.6, − 3.2)
47 (74.6)
13 (20.6)
469 (390.5, 617.5)
62.5 (42.0, 76.3)
12.3 (9.4, 17.3)
30.8 (23.5, 43.3)
33.1 (25.8, 41.6)

As listed in Table 2, the TRACP-5b decreased by 43.4% after 6
months and 39.5% after 12 months. Fig. 4 shows that 82.3% of the
patients exhibited levels of TRACP-5b within the normal limit after 12
months. Likewise, the total P1NP decreased by 58.9% after 6 months
and by 60.2% after 12 months; 73.8% of the patients exhibited levels of
P1NP within the normal limit after 12 months.
3.4. HR-pQCT
As listed in Tables 3 and 4 and shown in Fig. 5, no significant changes
were observed in most of the trabecular bone parameters except for
decreased Tb.vBMD in the tibia.
In the cortical bone, Ct.vBMD and the cortical porosity did not
change significantly. In the tibia, Ct.Th increased by 2.8% after 6 months
and by 2.6% after 12 months. Consequently, Ct.Ar also increased by
2.7% after 6 months and by 2.5% after 12 months. Meanwhile, BR
decreased by 2.8% after 6 months and by 2.5% after 12 months, indi
cating an improvement in cortical stability. Similar changes were
observed in the radius. As shown in Fig. 5B, 82.3% and 93.4% of the
patients exhibited increased Ct.Th in the radius and tibia, respectively.
An increase over 2% was noted in 38.7% and 54.1% of the patients,
respectively. No significant differences were found in Tt.vBMD and
estimated bone strength in the radius and tibia.
Fig. 6 shows images of bone microstructural changes in a responder
patient. 3D images show bone formation (yellow) on the surface of the
endocortical and trabecular bone (Fig. 6E and F). In this 3D registration
method, bone formation is defined as voxels with a mineral density
above 450 mg/cm3 of the threshold at 12 months due to an increase in

9.5 (9.3, 9.8)
3.4 (3.0, 3.8)
52.4 (36.6, 67.9)

BMI: body mass index, OP: osteoporosis, DXA: dual-energy x-ray absorptiome
try, TRACP-5b: tartrate-resistant acid phosphatase 5b, P1NP: Procollagen type 1
N propeptide, 25(OH) vitamin D: 25-hydroxyvitamin D, PTH: parathyoid hor
mone.
Mean ± SD (Min, Max), Number (%), Median (25%, 75%).

3.2. DXA and QUS
As listed in Table 2, the aBMD in the lumbar spine increased by 2.2%
after 6 months and 3.2% (95% CI: 1.8 to 4.6%) after 12 months (p <
0.0001) (primary endpoint). Fig. 3 shows that 79.0% of the patients
were responders, and 40.3% exhibited an increase of at least 5% after 1
year. The aBMD of the total hip increased by 1.1% after 6 months and
1.2% after 12 months, with 80.6% of the patients being responders. The
4
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Fig. 4. Cumulative distribution of the values of TRACP-5b and total P1NP
before and after sequential therapy with ibandronate. The ranges of the normal
limit are depicted with dashed lines. Among the patients, 82.3% (TRACP-5b)
and 73.8% (total P1NP) were within the normal limit in 12 months.

Fig. 3. Cumulative distribution of the change in aBMD of the lumbar spine and
total hip after sequential therapy with ibandronate. In the lumbar spine, 79.0%
of the patients were responders, and 40.3% of the patients showed an increase
of over 5% in 12 months. In the total hip, 80.6% of the patients were re
sponders, and 33.9% of the patients showed an increase of over 2% in
12 months.

baseline, due to the effects of teriparatide treatment (Table 1). Six
months after switching to ibandronate, the bone turnover markers
rapidly declined (Table 2). Contrary to the common belief that
bisphosphonates induce non-physiological suppression of bone meta
bolism, the majority of the patients exhibited levels within the normal
limit (Fig. 4).

calcification. Therefore, this case shows that new bone on the endo
cortical and trabecular surface that was generated by teriparatide
treatment was further calcified by sequential therapy with ibandronate
and was eventually recognized as bone.

4.2. DXA

3.5. Adverse events

This study confirmed that ibandronate has the effect of adding to
aBMD (lumbar spine 3.2%, total hip 1.2%, femoral neck 1.3%) after
teriparatide treatment (Table 2, Fig. 3). Several previous studies have
been conducted with sequential therapy with bisphosphonates, deno
sumab, and raloxifene after teriparatide [5–12,38–43].
Niimi et al. reported that 12 months of sequential therapy with oral
alendronate (35 mg/week) after 24 months of teriparatide increased
aBMD in the lumbar spine by 1.3% and femoral neck by 0.7% in 100
patients (mean 78 years) [41]. Ebina et al. reported that 12 months of
sequential therapy with oral bisphosphonates (alendronate 35 mg/week
n = 19, risedronate 17.5 mg/week n = 12, minodronate 50 mg/month n
= 5) after 24 months of teriparatide increased aBMD in the lumbar spine
by 2.6%, total hip by 1.1%, and femoral neck by 1.4% in 36 patients
(mean 73.5 years) [39]. Monthly intravenous ibandronate may have
equivalent or better effects than oral bisphosphonates.
Burkard et al. reported that 24 months of zoledronic acid after 24

Two patients withdrew because of adverse events (Fig. 2). One had a
history of angina pectoris and dropped out when the disease recurred.
The other developed a fever of unknown origin and general pain and was
consequently excluded.
4. Discussion
In this study, we investigated how 12-month sequential therapy with
intravenous ibandronate (1 mg/month) affected BMD and microstruc
ture of patients with primary osteoporosis who had undergone ter
iparatide treatment for more than 12 months.
4.1. Bone turnover markers
The bone turnover markers showed a state of high bone turnover at
5
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Table 3
Changes in volumetric bone mineral density, bone microstructure, and esti
mated bone strength at distal radius.
Distal radius

Trabecular

Tb.vBMD
BV/TV

(mg/
cm3)
(%)

Tb.Th

(μm)

Tb.N

(/mm)

Tb.Sp

(μm)

SMI
Conn.D
DA
Cortical

Ct.vBMD

(mg/
cm3)

Ct.vTMD

(mg/
cm3)

Ct.Po

(%)

Ct.Pm

(mm)

Ct.Ar

(mm2)

Ct.Th

(μm)

Ct.Th.
Min

(μm)

BR
Total

Tt.vBMD

(mg/
cm3)

Stiffness

(kN/
mm)
(kN)

Failure
load

Baseline (n
= 63)

6 months
(n = 63)

12 months
(n = 62)

Value

Change (%)

Change (%)

99.8 (80.4,
115.7)
10.5 (8.1,
13.0)
197.3
(185.9,
204.4)
1.05 (0.94,
1.18)
755.0
(661.6,
874.8)
2.35 (2.17,
2.48)
1.22 (0.77,
1.70)
1.79 (1.68,
1.92)
807.2
(776.9,
840.9)
812.6
(786.5,
846.0)
0.98 (0.82,
1.37)
65.1 (62.3,
68.8)
36.9 (33.6,
41.4)
613.3
(540.1,
687.3)
394.5
(373.4,
463.3)
21.6 (19.2,
24.8)
210.8
(187.1,
242.6)
32.4 (28.4,
39.1)
1.71 (1.46,
2.13)

− 0.3 ± 2.4

− 0.4 ± 2.7

− 0.1 ± 2.9

0.2 ± 3.5

0.0 ± 1.4

0.0 ± 1.8

1.0 ± 4.2

1.7 ± 5.5

− 1.0 ± 5.1

− 1.7 ± 6.4

0.5 ± 2.6

0.5 ± 3.7

− 0.4 ± 8.0

0.5 ± 8.4

0.1 ± 6.1

0.0 ± 5.3

− 0.3 ± 1.5

− 0.1 ± 1.9

− 0.3 ± 1.4

− 0.1 ± 1.8

0.7 ± 16.2

1.9 ± 17.1

0.0 ± 0.2

− 0.1 ± 0.2

1.7 ± 2.2**

1.4 ± 2.7**

1.8 ± 2.2**

1.5 ± 2.6**

1.5 ± 1.9**

1.4 ± 2.6**

¡1.7 ±
1.9**
− 0.0 ± 1.8

¡1.5 ±
2.3**
− 0.0 ± 2.4

1.2 ± 6.0

0.7 ± 7.6

1.5 ± 7.2

1.2 ± 9.0

Table 4
Changes in volumetric bone mineral density, bone microstructure, and esti
mated bone strength at distal tibia.
Distal tibia

Trabecular

Tb.vBMD

(mg/
cm3)

BV/TV

(%)

Tb.Th

(μm)

Tb.N

(/mm)

Tb.Sp

(μm)

SMI
Conn.D
DA
Cortical

Ct.vBMD

(mg/
cm3)

Ct.vTMD

(mg/
cm3)

Ct.Po

(%)

Ct.Pm

(mm)

Ct.Ar

(mm2)

Ct.Th

(μm)

Ct.Th.
Min

(μm)

BR
Total

Tt.vBMD

(mg/
cm3)

Stiffness

(kN/
mm)
(kN)

Failure
load

Tb.vBMD: trabecular volumetric bone mineral density, BV/TV: trabecular bone
volume fraction, Tb.Th: trabecular thickness, Tb.N: trabecular number, Tb.Sp:
trabecular separation, SMI: structure model index, Conn.D: connectivity density,
DA: degree of anisotropy, Ct.vBMD: cortical volumetric bone mineral density,
Ct.vTMD: cortical volumetric tissue mineral density, Ct.Po: cortical porosity, Ct.
Pm: cortical perimeter, Ct.Ar: cortical area, Ct.Th: cortical thickness, Ct.Th.Min:
minimum cortical thickness, BR: buckling ratio, Tt.vBMD: total volumetric bone
mineral density.
Median (25%, 75%), Mean ± SD, * p < 0.01, ** p < 0.001 vs baseline. Bold font
indicates significant differences.

Baseline (n
= 63)

6 months
(n = 63)

12 months
(n = 62)

Value

Change (%)

Change (%)

148.1
(122.6,
166.2)
17.0 (13.1,
19.6)
210.5
(199.8,
226.0)
1.05 (0.96,
1.14)
749.9
(646.6,
830.4)
1.88 (1.63,
2.04)
2.25 (1.82,
2.88)
1.98 (1.89,
2.05)
767.1
(720.1,
817.4)
782.3
(729.8,
831.2)
2.51 (2.17,
3.23)
95.3 (91.4,
99.9)
71.2 (64.5,
77.4)
780.1
(719.3,
862.0)
702.8
(657.8,
752.4)
22.5 (19.0,
24.2)
226.2
(186.5,
246.5)
104.5 (87.2,
114.6)
5.86 (4.91,
6.30)

− 0.8 ±
1.9*

− 0.9 ± 2.4*

− 0.1 ± 2.0

− 0.2 ± 2.7

− 0.1 ± 1.1

0.0 ± 1.3

− 0.4 ± 3.1

− 0.9 ± 3.2

0.8 ± 4.0

1.4 ± 4.5

− 1.3 ± 4.9

− 2.0 ± 6.0

− 1.7 ± 5.8

− 2.6 ± 6.8*

0.6 ± 2.9

0.7 ± 3.6

0.4 ± 1.7

0.3 ± 2.7

0.3 ± 1.8

0.3 ± 2.8

− 3.3 ±
11.0
¡0.1 ±
0.1**
2.7 ± 2.2**

− 1.6 ± 12.3

2.8 ± 2.3**

2.6 ± 2.4**

1.8 ± 1.9**

1.6 ± 1.9**

¡2.8 ±
2.2**
− 0.2 ± 1.8

¡2.5 ±
2.3**
− 0.4 ± 2.5

1.1 ± 3.6

0.5 ± 4.9

1.1 ± 3.6

0.5 ± 4.7

− 0.1 ± 0.2*
2.5 ± 2.3**

Tb.vBMD: trabecular volumetric bone mineral density, BV/TV: trabecular bone
volume fraction, Tb.Th: trabecular thickness, Tb.N: trabecular number, Tb.Sp:
trabecular separation, SMI: structure model index, Conn.D: connectivity density,
DA: degree of anisotropy, Ct.vBMD: cortical volumetric bone mineral density,
Ct.vTMD: cortical volumetric tissue mineral density, Ct.Po: cortical porosity, Ct.
Pm: cortical perimeter, Ct.Ar: cortical area, Ct.Th: cortical thickness, Ct.Th.Min:
minimum cortical thickness, BR: buckling ratio, Tt.vBMD: total volumetric bone
mineral density.
Median (25%, 75%), Mean ± SD, * p < 0.01, ** p < 0.001 vs baseline. Bold font
indicates significant differences.

months of teriparatide resulted in a 1.8% increase in aBMD in the
lumbar spine and a 1.1% decrease in the femoral neck in 20 patients
(mean 65.8 years) [12]. In the same study, 24 months of denosumab
showed an increase in aBMD in the lumbar spine by 5.7% and femoral
neck by 4.9% in 26 patients (mean 72.4 years). Although these results
cannot be directly compared with the results in this study because the
periods of sequential therapy were different (24 vs. 12 months), monthly
intravenous ibandronate may have a higher effect on aBMD than zole
dronic acid and a lower effect than denosumab.
Eastell et al. reported that 12 months of sequential therapy with
raloxifene (60 mg/day) after 12 months of teriparatide resulted in a

0.3% decrease in aBMD in the lumbar spine and a 1.5% increase in
aBMD in the femoral neck in 97 women (mean 69.4 years) [9]. Adami
et al. reported that 12 months of sequential therapy with raloxifene (60
mg/day) after 12 months of teriparatide resulted in a 1.2% decrease in
aBMD in the lumbar spine and a 2.3% increase in aBMD in the femoral
neck in 157 women (mean 66.7 years) [8]. Although these results cannot
be directly compared with the results in this study because the periods of
the teriparatide treatment were different (12 vs. 19 months), monthly
intravenous ibandronate may have a better effect on aBMD than ralox
ifene in the lumbar spine.
Compared to many previous studies, this study consisted of elderly
6
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Fig. 5. A Cumulative distribution of the change in trabecular bone volume fraction (BV/TV) in the distal radius and tibia after sequential therapy with ibandronate.
Among the patients, 52.5% (distal radius) and 42.6% (distal tibia) were responders in 12 months.
B Cumulative distribution of the change in cortical thickness (Ct.Th) in the distal radius and tibia after sequential therapy with ibandronate. In the distal radius,
82.3% of the patients were responders, and 38.7% of the patients showed an increase of over 2% in 12 months. In the distal tibia, 93.4% of the patients were
responders, and 54.1% of the patients showed an increase of over 2% in 12 months.

patients who were about 10 years older (mean 77.3 years) than in the
above studies and with decreased activity due to fragility fractures.
Simple comparisons of the results are not possible. However, the inci
dence of vertebral and proximal femoral fractures increases after the age
of 70, and this study shows real-world results.

sequential therapy after teriparatide treatment [43]. Leder et al. re
ported that 24 months of teriparatide followed by 24 months of deno
sumab increased Ct.Th in the tibia by 4.7% (as read from the graph), and
Ct.vBMD increased by 3.0% in 27 women (66.1 years). On the other
hand, Ct.Po and trabecular bone microstructure did not change signifi
cantly. Although these results cannot be directly compared with the
results in this study because the average age of the participants was 11
years younger and the duration of sequential therapy was 12 months
longer than those of this study, the results seemed to reflect the strong
bone resorption inhibitory effect of denosumab.
Three previous reports have described HR-pQCT analysis of the ef
fects of ibandronate in osteoporotic patients [44–46]. All these studies
used oral ibandronate (150 mg/month), and one was a randomized
clinical trial using ibandronate and a placebo. Over a 24-month obser
vation period, the study showed that ibandronate leads to an increase in
cortical vBMD [45]. The design of this study differed from that of the
present study in many ways: younger age (63 vs. 77 years), not osteo
porotic (Lumbar − 1.4, Femoral neck − 1.5 vs. Lumbar − 2.4, Femoral
neck − 2.5), use of an oral preparation (oral 150 mg vs. 1 mg i.v.),
administration period (24 months vs. 12 months), osteoporosis treat
ment naïve (naïve vs. teriparatide sequential treatment), and use of
different HR-pQCT devices (XtremeCT vs. XtremeCT II). The remaining
two reports were a study on patients with glucocorticoid-induced oste
oporosis (systemic lupus erythematosus) and a study on combined
therapy with ibandronate and teriparatide (PICS), respectively [44,46].

4.3. HR-pQCT
The cortical thickness (Ct.Th) increased in both the radius and tibia
(1.5% and 2.6%, respectively) with ibandronate (Tables 3 and 4,
Fig. 5B). Consequently, an increase in the cortical area (Ct.Ar) and a
decrease in cortical instability (BR: an index of cortical instability) were
observed. We also measured the minimum cortical thickness (Ct.Th.
Min) to evaluate the most fragile part of the whole circumference of the
cortical bone, and the results indicated significant improvements. These
effects were greater in the tibia than in the radius, perhaps because the
tibia is a weight-bearing bone. In contrast, no significant changes were
noted in the density and porosity of the cortical bone (Ct.vBMD and Ct.
Po) in this study. Although we initially predicted that the cortical
porosity induced by teriparatide would be reduced by ibandronate, this
study yielded no such findings.
HR-pQCT did not detect significant changes in most trabecular bone
parameters (Tables 3 and 4). As shown in Fig. 5, the trabecular bone
showed different changes from patient to patient, with some patients
maintaining, some increasing, and others decreasing the trabecular
bone.
Only one previous report used HR-pQCT to investigate the effects of
7
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Fig. 6. HR-pQCT images of a responder patient following sequential therapy with ibandronate. A 67-year-old woman with vertebral fractures was treated using
teriparatide 20 μg/day for 24 months followed by ibandronate 1 mg/month for 12 months. 2D images show the increase in bone mineral density at 12 months (B and
D) compared with baseline (A and C). 3D superimposed images (E and F) clearly show that bone formation has occurred on the surfaces of endocortical and
trabecular bones.

5. Strengths & limitations

have affected the statistical non-significance. Moreover, Vitamin D and
pentosidine were evaluated at baseline only and were not assessed after
ibandronate treatment.

The strength of this study is the fact that the analysis involved
various parameters, was detailed, used various techniques such as DXA,
blood testing, HR-pQCT, and a 3D registration method, and tested
sequential therapy, which is now a critical topic in current osteoporotic
medical care.
A limitation of this study was that it was a single-arm study that did
not involve comparison with an untreated control cohort or cohorts
treated with other drugs. Another limitation was that this study started
observations not from the time of initial treatment with teriparatide but
beginning with the switch to ibandronate. Changes due to teriparatide
treatment remain unclear. Also, the relatively small sample size may

6. Conclusions
Sequential therapy with monthly intravenous ibandronate following
teriparatide treatment resulted in a 39.5% decrease in the bone
resorption marker, TRACP-5b, and a 3.2% increase in the aBMD of the
lumbar spine in patients with primary osteoporosis. In addition, HRpQCT revealed that cortical thickness increased by 2.6%, and the BR,
which is an index of cortical instability, decreased by 2.5% in the tibia.
These results demonstrate the positive effects of sequential therapy with
8
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monthly intravenous ibandronate on BMD and cortical bone
microstructure.
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S. Adami, J. San Martin, M. Muñoz-Torres, M.J. Econs, L. Xie, G.P. Dalsky,
M. McClung, D. Felsenberg, J.P. Brown, M.L. Brandi, A. Sipos, Effect of raloxifene
after recombinant teriparatide [hPTH(1-34)] treatment in postmenopausal women
with osteoporosis, Osteoporos. Int. 19 (1) (2008 Jan) 87–94.
R. Eastell, T. Nickelsen, F. Marín, C. Barker, P. Hadji, J. Farrerons, M. Audran,
S. Boonen, K. Brixen, J.M. Gomes, B. Obermayer-Pietsch, A. Avramidis,
G. Sigurdsson, C.C. Glüer, Sequential treatment of severe postmenopausal
osteoporosis after teriparatide: final results of the randomized, controlled European
Study of Forsteo (EUROFORS), J. Bone Miner. Res. 24 (4) (2009 Apr) 726–736.
T. Sugimoto, M. Shiraki, T. Nakano, H. Kishimoto, M. Ito, M. Fukunaga, H. Hagino,
T. Sone, T. Kuroda, T. Nakamura, Vertebral fracture risk after once-weekly
teriparatide injections: follow-up study of Teriparatide Once-Weekly Efficacy
Research (TOWER) trial, Curr. Med. Res. Opin. 29 (3) (2013 Mar) 195–203.
C. Muschitz, R. Kocijan, A. Fahrleitner-Pammer, I. Pavo, J. Haschka, W. Schima,
S. Kapiotis, H. Resch, Overlapping and continued alendronate or raloxifene
administration in patients on teriparatide: effects on areal and volumetric bone
mineral density–the CONFORS Study, J. Bone Miner. Res. 29 (8) (2014 Aug)
1777–1785.
D. Burkard, T. Beckett, E. Kourtjian, C. Messingschlager, R. Sipahi, M. Padley,
J. Stubbart, Effects of bone remodeling agents following teriparatide treatment,
Osteoporos. Int. 29 (6) (2018 Jun) 1351–1357.
S.R. Cummings, J. San Martin, M.R. McClung, E.S. Siris, R. Eastell, I.R. Reid,
P. Delmas, H.B. Zoog, M. Austin, A. Wang, S. Kutilek, S. Adami, J. Zanchetta,
C. Libanati, S. Siddhanti, C. Christiansen, FREEDOM trial. Denosumab for
prevention of fractures in postmenopausal women with osteoporosis, N. Engl. J.
Med. 361 (8) (2009 Aug 20) 756–765.
H.G. Bone, M.A. Bolognese, C.K. Yuen, D.L. Kendler, P.D. Miller, Y.-C. Yang,
L. Grazette, J. San Martin, J.C. Gallagher, Effects of denosumab treatment and
discontinuation on bone mineral density and bone turnover markers in
postmenopausal women with low bone mass, The Journal of Clinical
Endocrinology & Metabolism. 96 (4) (2011 Apr) 972–980.
M.R. McClung, R.B. Wagman, P.D. Miller, A. Wang, E.M. Lewiecki, Observations
following discontinuation of long-term denosumab therapy, Osteoporos. Int. 28 (5)
(2017 May) 1723–1732.
D.M. Black, A.V. Schwartz, K.E. Ensrud, J.A. Cauley, S. Levis, S.A. Quandt,
S. Satterfield, R.B. Wallace, D.C. Bauer, L. Palermo, L.E. Wehren, A. Lombardi, A.
C. Santora, S.R. Cummings, FLEX Research Group, Effects of continuing or stopping
alendronate after 5 years of treatment: the fracture intervention trial long-term
extension (FLEX): a randomized trial, JAMA. American Medical Association 296
(24) (2006 Dec 27) 2927–2938.
D.M. Black, I.R. Reid, J.A. Cauley, F. Cosman, P.-C. Leung, P. Lakatos, K. Lippuner,
S.R. Cummings, T.F. Hue, A. Mukhopadhyay, M. Tan, R.P. Aftring, R. Eastell, The
effect of 6 versus 9 years of zoledronic acid treatment in osteoporosis: a
randomized second extension to the HORIZON-Pivotal Fracture Trial (PFT),
J. Bone Miner. Res. 30 (5) (2015 May) 934–944.
H. Kishimoto, M. Maehara, Compliance and persistence with daily, weekly, and
monthly bisphosphonates for osteoporosis in Japan: analysis of data from the CISA,
Arch. Osteoporos. 10 (2015) 231.
T. Nakamura, M. Fukunaga, T. Nakano, H. Kishimoto, M. Ito, H. Hagino, T. Sone,
A. Taguchi, S. Tanaka, M. Ohashi, Y. Ota, M. Shiraki, Efficacy and safety of onceyearly zoledronic acid in Japanese patients with primary osteoporosis: two-year
results from a randomized placebo-controlled double-blind study (ZOledroNate
treatment in efficacy to osteoporosis; ZONE study), Osteoporos. Int. 28 (1) (2016
Sep 8) 389–398.
J.A. Stakkestad, L.I. Benevolenskaya, J.J. Stepan, A. Skag, A. Nordby, E. Oefjord,
A. Burdeska, I. Jonkanski, P. Mahoney, Ibandronate Intravenous Study Group.
Intravenous ibandronate injections given every three months: a new treatment
option to prevent bone loss in postmenopausal women. Ann. Rheum, Dis. 62 (10)
(2003 Oct) 969–975.
T. Nakamura, T. Nakano, M. Ito, H. Hagino, J. Hashimoto, M. Tobinai,
H. Mizunuma, MOVER Study Group. Clinical efficacy on fracture risk and safety of
0.5 mg or 1 mg/month intravenous ibandronate versus 2.5 mg/day oral
risedronate in patients with primary osteoporosis, Calcif. Tissue Int. 93 (2) (2013
Aug) 137–146.
H. Hagino, S. Yoshida, J. Hashimoto, M. Matsunaga, M. Tobinai, T. Nakamura,
Increased bone mineral density with monthly intravenous ibandronate contributes
to fracture risk reduction in patients with primary osteoporosis: three-year analysis
of the MOVER study, Calcif. Tissue Int. 95 (6) (2014 Dec) 557–563.
M. Ito, M. Tobinai, S. Yoshida, J. Hashimoto, T. Nakamura, Effect of monthly
intravenous ibandronate injections on vertebral or non-vertebral fracture risk in
Japanese patients with high-risk osteoporosis in the MOVER study, J. Bone Miner.
Metab. 35 (1) (2017 Jan) 58–64.
Y. Takeuchi, J. Hashimoto, Y. Nishida, C. Yamagiwa, T. Tamura, A. Atsumi, Safety
and effectiveness of monthly intravenous ibandronate injections in a prospective,
postmarketing, and observational study in Japanese patients with osteoporosis,
Osteoporos Sarcopenia. 4 (1) (2018 Mar) 22–28.
Y. Takeuchi, J. Hashimoto, H. Kakihata, Y. Nishida, M. Kumagai, C. Yamagiwa,
Effectiveness of monthly intravenous ibandronate injections in a real-world setting:
subgroup analysis of a postmarketing observational study, Osteoporos Sarcopenia.
5 (1) (2019 Mar) 11–18.
H. Hagino, A. Sakai, S. Ikeda, Y. Imanishi, H. Tsurukami, S. Nakajo, N. Miyakoshi,
Effectiveness of monthly intravenous ibandronate on the low responders to oral
bisphosphonate: the MOVEMENT study, J. Bone Miner. Metab. 37 (6) (2019 Nov)
1013–1023.

K. Chiba et al.

Bone 144 (2021) 115770
[38] J.N. Tsai, K.K. Nishiyama, D. Lin, A. Yuan, H. Lee, M.L. Bouxsein, B.Z. Leder,
Effects of Denosumab and Teriparatide transitions on bone microarchitecture and
estimated strength: the DATA-switch HR-pQCT study, J. Bone Miner. Res. 32
(2017) 2001–2009.
[39] K. Ebina, J. Hashimoto, M. Kashii, M. Hirao, S. Kaneshiro, T. Noguchi,
Y. Tsukamoto, H. Yoshikawa, The effects of switching daily teriparatide to oral
bisphosphonates or denosumab in patients with primary osteoporosis, Journal of
Bone and Mineral Metabolism 35 (1) (2017 Jan) 91–98. Springer Japan.
[40] D. Miyaoka, Y. Imanishi, M. Ohara, N. Hayashi, Y. Nagata, S. Yamada, K. Mori,
M. Emoto, M. Inaba, Effects of Teriparatide and sequential minodronate on lumbar
spine bone mineral density and microarchitecture in osteoporosis, Calcif. Tissue
Int. 101 (4) (2017 Oct) 396–403.
[41] R. Niimi, T. Kono, A. Nishihara, M. Hasegawa, T. Kono, A. Sudo, Efficacy of
switching from teriparatide to bisphosphonate or denosumab: a prospective,
randomized, open-label trial. JBMR plus. John Wiley & Sons, Ltd 2 (5) (2018 Sep)
289–294.
[42] B. Langdahl, Treatment of postmenopausal osteoporosis with bone-forming and
antiresorptive treatments: combined and sequential approaches, Bone. 139 (2020
Oct) 115516.
[43] B.Z. Leder, J.N. Tsai, A.V. Uihlein, P.M. Wallace, H. Lee, R.M. Neer, S.-A.
M. Burnett-Bowie, Denosumab and teriparatide transitions in postmenopausal
osteoporosis (the DATA-switch study): extension of a randomised controlled trial,
Lancet. 386 (9999) (2015 Sep 19) 1147–1155.
[44] E.K. Li, T.Y. Zhu, V.Y. Hung, A.W. Kwok, V.W. Lee, K.K. Lee, J.F. Griffith, M. Li, K.
C. Wong, P.-C. Leung, L. Qin, L.-S. Tam, Ibandronate increases cortical bone
density in patients with systemic lupus erythematosus on long-term glucocorticoid,
Arthritis Res. Ther. 12 (5) (2010) R198.
[45] R.D. Chapurlat, M. Laroche, T. Thomas, S. Rouanet, P.D. Delmas, M.C. de
Vernejoul, Effect of oral monthly ibandronate on bone microarchitecture in women
with osteopenia-a randomized placebo-controlled trial, Osteoporos. Int. 24 (1)
(2013 Jan) 311–320.
[46] A.L. Schafer, A.J. Burghardt, D.E. Sellmeyer, L. Palermo, D.M. Shoback,
S. Majumdar, D.M. Black, Postmenopausal women treated with combination
parathyroid hormone (1–84) and ibandronate demonstrate different
microstructural changes at the radius vs. tibia: the PTH and Ibandronate
Combination Study (PICS), Osteoporos Int. Springer London 24 (10) (2013 Oct)
2591–2601.

[27] A.J. Burghardt, T.M. Link, S. Majumdar, High-resolution computed tomography for
clinical imaging of bone microarchitecture, Clin Orthop Relat Res. Springer-Verlag
469 (8) (2011 Aug) 2179–2193.
[28] A.M. Cheung, J.D. Adachi, D.A. Hanley, D.L. Kendler, K.S. Davison, R. Josse, J.
P. Brown, L.-G. Ste-Marie, R. Kremer, M.C. Erlandson, L. Dian, A.J. Burghardt, S.
K. Boyd, High-resolution peripheral quantitative computed tomography for the
assessment of bone strength and structure: a review by the Canadian Bone Strength
Working Group, Curr Osteoporos Rep. 11 (2) (2013 Jun) 136–146.
[29] K.K. Nishiyama, E. Shane, Clinical imaging of bone microarchitecture with HRpQCT, Curr Osteoporos Rep. 11 (2) (2013 Jun) 147–155.
[30] S.L. Manske, Y. Zhu, C. Sandino, S.K. Boyd, Human trabecular bone
microarchitecture can be assessed independently of density with second generation
HR-pQCT, Bone. 79 (2015 Oct) 213–221.
[31] K. Chiba, N. Okazaki, A. Kurogi, Y. Isobe, A. Yonekura, M. Tomita, M. Osaki,
Precision of second-generation high-resolution peripheral quantitative computed
tomography: intra- and intertester reproducibilities and factors involved in the
reproducibility of cortical porosity, J. Clin. Densitom. 21 (2) (2018 Jun) 295–302.
[32] E. Lespessailles, R. Hambli, S. Ferrari, Osteoporosis drug effects on cortical and
trabecular bone microstructure: a review of HR-pQCT analyses, Bonekey Rep. 5
(2016) 836.
[33] S. Bonaretti, S. Majumdar, T.F. Lang, S. Khosla, A.J. Burghardt, The comparability
of HR-pQCT bone measurements is improved by scanning anatomically
standardized regions, Osteoporos Int. Springer London 28 (7) (2017 Jul)
2115–2128.
[34] D.E. Whittier, S.K. Boyd, A.J. Burghardt, J. Paccou, A. Ghasem-Zadeh,
R. Chapurlat, K. Engelke, M.L. Bouxsein, Guidelines for the assessment of bone
density and microarchitecture in vivo using high-resolution peripheral quantitative
computed tomography, Osteoporos Int. 31 (2020 May 26) 1607–1627.
[35] K. Chiba, N. Okazaki, Y. Isobe, S. Miyazaki, A. Yonekura, M. Tomita, M. Osaki,
Precision of 3D registration analysis for longitudinal study of second-generation
HR-pQCT, J. Clin. Densitom. 19 (2020 Oct).
[36] M.L. Bouxsein, S.K. Boyd, B.A. Christiansen, R.E. Guldberg, K.J. Jepsen, R. Müller,
Guidelines for assessment of bone microstructure in rodents using micro-computed
tomography 25 (7) (2010 Jun 7) 1468–1486.
[37] T. Hildebrand, P. Rüegsegger, A new method for the model-independent
assessment of thickness in three-dimensional images, J. Microsc. 185 (1) (1997 Jan
9) 67–75.

10

