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Table 1 Baseline . . .

characteristics Variable Teriparatide group (n = 261) Placebo group (n = 281) p
Age (years) 753 (5.8) 75.4 (5.8) 0.906
Height (cm) 148.0 (6.5) 147.6 (6.3) 0.483
Weight (kg) 50.5 (7.7) 49.8 (8.0) 0.224
BMI (kg/m?) 23.0 (3.3) 22.8 3.4) 0.452
Prevalent vertebral fracture number 1.9 (1.4) 1.7 (1.3) 0.151

Data are expressed as means Ll‘xmbar BMD (T-score) —-2.7 (0.9) —2.6 (0.9) 0.343

(SD) Hip total BMD (T-score) —2.4 (0.7) —2.4 (0.8) 0.564

BMD bone mineral density, Femoral neck BMD (T-score) 2.1 (1.0) —-2.1 (0.9) 0.686

PINP procollagen type I Serum osteocalcin (ng/mL) 32 (3.1) 8.0 (2.9) 0.837

N-ter;nm;"tll plfompﬂdﬂf~ J\If(YifN Serum PINP (ng/mL) 54.4 (24.8) 51.6 (20.1) 0.389

type 1 collagen cross-linked /V- .

telopeptides, DPD Urinary NTX (nMBCE/mM Cr) 43.9 (24.9) 42.8 (23.2) 0.739

estimated glomerular filtration e-GFR (mL/min/1.73 m?) 70.2 (16.8) 70.7 (16.2) 0.871

rate

Relative risk (RR) and the 95 % confidence interval (CI) 8
of the incident vertebral fracture in the teriparatide group , o Torparatds groum

compared to the placebo group for each subgroup were
estimated with the unadjusted Cox regression model. All
analyses were conducted using a two-sided test with the
significance level equal to 0.05.

Results
Subjects

Two hundred sixty-one (90.0 %) and 281 (97.6 %) of
290 and 288 subjects with osteoporosis randomized to
the teriparatide and placebo groups, respectively, had
radiographic evidence of vertebral fracture at baseline.
The baseline subject characteristics including age, BMI,
prevalent vertebral fracture number and grade, BMD at
the lumbar spine, total hip, and femoral neck, bone
metabolic markers, and e-GFR are presented in Table 1.
There was no significant difference in any of the base-
line indices between the teriparatide group and the pla-
cebo group.

The median (and the distribution range) of the study
duration was 72 (2-76) weeks in the teriparatide group and
72 (3-74) weeks in the placebo group (p = 0.062).

Incident vertebral fracture

Incident vertebral fracture occurred in 2.7 % (7/261) of
cases in the teriparatide group and 13.2 % (37/281) of
cases in the placebo group. The distribution of incident
vertebral fracture number by spinal location is shown in

1 Placebo group

Vertebral fracture number

Th4 Th5 The Th7 Th8 Th9 Th10 Th1t Thi2 L1 L2 L3 L4
Spinal location

Fig. 1 Incident vertebral fracture number during the study by spinal
location in the teriparatide group and placebo group

Fig. 1. Multiple incident vertebral fractures (two verte-
bral fractures) were observed in two cases in the teri-
paratide group. Two incident vertebral fractures occurred
in four cases, three incident vertebral fractures in one
case, and four incident vertebral fractures in one case in
the placebo group. A total of nine incident vertebral
fractures in the teriparatide group and 46 incident ver-
tebral fractures in the placebo group were observed. A
higher peak incident vertebral fracture number was
observed in lower spinal locations (T11-L4). The most
frequent fracture sites in the placebo group were T11,
L1, and L3 (n = 7, respectively). The number of incident
vertebral fractures in the teriparatide group was lower
than that in the placebo group for both higher and lower
spinal locations.
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Fracture risk reductions in each subgroup

The overall RR of incident vertebral fracture between the
teriparatide group compared to the placebo group selected
in this subgroup analysis was 0.20 (Fig. 2). Each subgroup
was divided to assess groups of all patients and exclusively
female patients in order to evaluate the relationship
between baseline clinical risk factors and response to
treatment for each gender. Once-weekly teriparatide sig-
nificantly reduced the risk of incident vertebral fracture for
all patients in both the younger (<75 years: RR = 0.06,
p = 0.007) and older (=75 years: RR = 0.32, p = 0.015)
patients. RR in patients without prevalent vertebral fracture
was 0.00 because incident vertebral fracture was not
observed in the teriparatide group. There was significant
fracture risk reduction in patients with one and two or more
prevalent vertebral fractures, with RRs of 0.08 (p = 0.015)
and 0.29 (p = 0.009), respectively.

Patients with prevalent vertebral fracture severity grades of
0, 1, or 2 indicated no incident vertebral fracture
(RR = 0.00). Once-weekly teriparatide significantly reduced
the risk of incident fracture in patients with the most severe
(grade 3) vertebral deformity (RR = 0.26, p = 0.003).

RR in patients with low lumbar BMD (<—2.5 SD) was
0.25 (p = 0.035), and RR with high BMD (>—-2.5 SD) was
0.00.

The teriparatide group had a significantly reduced inci-
dent fracture risk in both high bone marker turnover
(>median) and low turnover (<median) patients (p < 0.05)
when compared with the placebo group.

In the e-GFR subgroup, significant vertebral fracture
risks were observed in patients with lower renal function
(<70 mL/min/1.73 m*) and higher renal function
(>70 mL/min/1.73 m*) (RR 0.31, p = 0.042, RR 0.13,
p = 0.001, respectively).

RRs observed in the subset of exclusively female
patients were similar to those observed in all patients.

Discussion

Vertebral fractures are the most common of all osteopo-
rotic fractures, and are linked to impaired mobility,
increased mortality [15, 16], and decreased quality of life
(QOL) [17]. Risk factors for incident vertebral fracture,
such as higher age, lower BMD, and more severe fracture
grade, have been reported previously [18, 19]. Moreover, it
was reported that patients with mild renal dysfunction were
at increased risk for BMD decreases and vertebral fractures
[20]. These studies have demonstrated that either the
number or the severity of prior vertebral fractures is an
individually important predictor of incident vertebral
fracture risk. Because the fracture risk was different in each
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osteoporotic patient, the subgroup analysis between each
risk factor and fracture risk reduction associated with the
treatment was important to assess.

In this subgroup analysis from the TOWER trial, we
demonstrated fracture risk reduction by baseline charac-
teristics and the effect of once-weekly teriparatide treat-
ment on incident vertebral fracture. Weekly teriparatide
significantly reduced the vertebral fracture risk in patients
with high fracture risk (severe) at baseline in subgroups
such as age =75 years, prevalent vertebral fracture number
>2, prevalent vertebral fracture grade 3, and lumbar
BMD < —2.5 SD, (RR 0.25-0.32). Previous studies have
shown that 20 pg and 40 pg of daily teriparatide injection
reduce the risk of vertebral fractures, even in those with
severe and multiple vertebral fractures at baseline when
compared to other osteoporotic treatments [9].

Weekly teriparatide injections result in significant frac-
ture risk reduction in patients with low fracture risk (mild
to moderate) at baseline. The RRs were in the subgroup of
age <75 years 0.06, vertebral fracture number 0 to I:
0.0-0.08, prevalent vertebral grade O to 2: 0.0, and lumbar
BMD >-2.5 SD 0.0. Moreover, significant vertebral
fracture risk reductions were observed in the subgroup with
lower and higher bone turn over as well as lower and
higher renal function status. Once-weekly teriparatide
consistently reduced incident vertebral fracture across all
of the higher and lower risk patients for future fracture.

The incidence of vertebral fracture was lower in the
teriparatide group than in the placebo group at the thoracic
and lumbar locations. It was reported that prevalent lumbar
vertebral compression fractures lead to lowered QOL and
more severe pain than prevalent thoracic vertebral fractures
[21, 22]. Therefore, once-weekly injection of teriparatide
may prevent a reduction in QOL and health in patients with
0Steoporosis.

Subgroup analyses inherently have limited power to
detect interactions in a small subgroup with few events
[23]. This produces a statistical limitation for our study. In
this analysis, statistically significant reduction was not
observed in the subgroup with prevalent vertebral fracture
number equal to 0, prevalent vertebral fracture grade 0-2,
and lumbar BMD >-—2.5 SD, and there may have been too
few subjects in each subgroup. However, the incidence of
new vertebral fracture in the teriparatide groups was 0.
Therefore, we feel that these results can be generalized to
the clinical setting.

In conclusion, our results indicate that once-weekly
injections of 56.5 pg teriparatide reduce the vertebral
fracture risk in various subgroups including: age, vertebral
fracture number and grade, bone turnover level, and renal
function level. These results indicate the consistent anti-
fracture efficacy of teriparatide in patients with varying
degrees of fracture risk.
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ltem Category n RR(95% Cl) p RR (95% CI)
Al 542 | 0.20 (0.09-0.45) <0.001 -_
Total A
Female { 519 | 0.18(0.08-0.45) <0.001 O
. Al 259 | 0.06(0.01-0.48) 0.007 =
<
Female | 252 | 0.06(0.01-0.48) 0.008 O
Age, years
All 283 | 0.32(0.13-0.80) 0.015 =
>75
Female | 267 | 0.30(0.11-0.81) 0.018 \0,
Al 219 | 0.08(0.01-0.61) 0.015 =
Prevalent 1
vertebral Female | 213 | 0.09(0.01-0.67) 0.019 O
fracture Al 260 | 0.29(0.11-0.73) 0.009 = o
number >2
Female | 244 | 0.26(0.10-0.71) 0.009 O
Prevalent Al 219 | 0.26 (0.11-0.63) 0.003 B—
vertebral grade 3
fracture grade Female 207 0.25 (0.10-0.64) 0.004 O
Lumbar BMD, All 167 | 0.25(0.07-0.91) 0.035 =)
T-score <-2.55D O
Female 163 0.25 (0.07-0.92) 0.037 @
Al 265 | 0.11(0.03-0.49) 0.004 =)
< Med as
Serum Female | 254 | 0.11(0.03-0.50) 0.004 O
osteocalcin Al 276 | 0.29(0.11-0.79) 0.015 =)
> Med
Female | 264 | 0.26(0.09-0.79) 0.017 2o,
Al 270 | 0.07 (0.01-0.50) 0.009 =)
< Med
Female | 258 | 0.08 (0.01-0.59) 0.013 O
Serum PINP
Al 271 0.30 (0.12-0.76) 0.011 =
> Med
Female | 260 | 0.25(0.09-0.68) 0.006 O
Al 270 | 0.08(0.01-0.58) 0.013 =
< Med
Female | 257 | 0.08 (0.01-0.62) 0.015 O
Urinary NTX
All 271 0.28 (0.11-0.69) 0.006 B
>Med
Female | 261 | 0.25(0.09-0.67) 0.006 O
Al 266 | 0.07 (0.01-0.53) 0.010 =
< Med
Female | 252 | 0.07(0.01-0.55) 0.011 O
Urinary DPD —
All 275 | 0.29(0.11-0.72) 0.008 B
> Med
Female | 266 | 0.26(0.10-0.72) 0.009 -O-
All 279 | 0.31(0.10-0.96) 0.042 =
<70
eGFR Female | 272 | 0.26 (0.07-0.92) 0.036 O
N 2,
(ml/min/1.73m’) o All 263 | 0.13(0.04-0.45) 0.001 =
>
Female | 247 | 0.14(0.04-0.48) 0.002 O
0.01 0.1 1.0

Fig. 2 Effects of once-weekly teriparatide on incident vertebral
fractures risk reductions by subgroup Solid line ([J) indicates all
participants; dashed line (O) indicates female participants BMD bone
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mineral density, PINP Procollagen type I N-terminal propeptide, NTX
type I collagen cross-linked N-telopeptides, DPD deoxypyridinoline,
e-GFR estimated glomerular filtration rate, RR relative risk
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Abstract

Summary Changes in bone turnover markers with weekly
56.5 g teriparatide injections for 24 weeks were investigated
in women with osteoporosis. Changes in bone turnover
markers 24 h after each injection of teriparatide were constant.
During the 24 week period, bone formation markers increased
and baseline bone resorption marker levels were maintained.
Introduction This study aimed to clarify the changes in bone
turnover markers during 24 weeks of once-weekly teriparatide
injections in postmenopausal women with osteoporosis.
Methods The 24 h changes in pharmacokinetics (PK), calcium
metabolism, and bone turnover markers (serum osteocalcin,
procollagen type I N-terminal propeptide (P1NP), urinary
cross-linked N-telopeptide of type I collagen (NTX),
deoxypiridinoline (DPD)) after each injection of 56.5 ug
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teriparatide at the data collection weeks (0, 4, 12, and 24 weeks)
were investigated. The changes were evaluated by comparison
with the data at 0 h in each data collection week.

Results Similar 24 h changes in each parameter after injection
of teriparatide were observed in each data collection week.
Serum calcium increased transiently, and intact PTH de-
creased 4-8 h after injection; serum calcium subsequently
returned to baseline levels. Calcium and intact PTH levels
decreased for 24 weeks. Although serum osteocalcin de-
creased at 24 h, it was significantly increased at 4 weeks.
PINP decreased transiently and then increased significantly
at 24 h. PINP was significantly increased at 4 weeks. Urinary
NTX and DPD were significantly increased transiently and
then decreased at 24 h. The urinary DPD level decreased
significantly at 4 weeks.

Conclusions Twenty-four hour changes in PK, calcium me-
tabolism, and bone turnover markers showed the same direc-
tion and level after once-weekly teriparatide injections for
24 weeks, with no attenuation of the effect over time. After
24 weeks, the bone formation marker, serum osteocalcin,
increased significantly, but the serum P1NP, did not. Bone
resorption markers decreased or remained the same.

Keywords Bone formation - Bone resorption - Calcium
metabolism - Human - Teriparatide

Introduction

Human parathyroid hormone (PTH) 1-34 (teriparatide) has
been widely used in Japan for the treatment of osteoporosis
with a high risk of fracture as a 20 ng daily regimen [1-3] and
a 56.5 pg once-weekly regimen [4]. It has been reported that,
with intermittent use, teriparatide has an anabolic action on the
bone. The effects on bone turnover markers have been shown
to differ between the 20 pg daily regimen and the 56.5 pg
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once-weckly regimen [4-6]. Although daily injection in-
creases bone formation and bone resorption, weekly injection
increases bone formation moderately and decreases or main-
tains bone resorption. However, the effects on bone mineral
density and reduction of vertebral fractures are similar.

We have previously reported changes in calcium metabo-
lism and bone turnover markers following single injections of
teriparatide (28.2 and 56.5 png) in healthy elderly women [7].
It has been observed that a single injection of teriparatide
causes an immediate, transient increase in bone resorption
and a decrease in bone formation, followed by increased
bone formation and decreased bone resorption for at least
1 week. These findings provide substantial proof of the
effect of a once-weekly regimen of teriparatide on bone
turnover. However, both repetition of the 24 h change with
each injection and changes in levels of each parameter over
a long period have not been evaluated in postmenopausal
women with osteoporosis.

In this study, the profile of changes (0 to 24 h and 0 to
24 weeks) in pharmacokinetics (PK), calcium metabolism,
and bone turnover markers during weekly injection of
56.5 pg of teriparatide for 24 weeks in postmenopausal women
with osteoporosis was investigated.

Subjects and methods
Study subjects

This study was conducted at four institutes in Japan. The
subjects were 28 postmenopausal Japanese women with oste-
oporosis, ranging in age from 60 to 79 years. The inclusion
criteria included postmenopausal women without a concomi-
tant allergic diathesis, calcium abnormalities, and drug use
that may affect bone metabolism within 8 weeks prior to the
study. Subjects who had taken bisphosphonates within the
past 52 weeks were excluded. Women who had secondary
osteoporosis, osteopenia due to a bone metabolism disorder,
body weight lower than 40 kg, red blood cell number less
than 300% 10%/uL or hemoglobin less than 9.5 g/dL, se-
rum calcium greater than 11 mg/dL, severe renal, liver, or
heart dysfunction, a risk of osteosarcoma, or higher alka-
line phosphatase levels were excluded. Osteoporosis was
diagnosed by the following criteria: (1) bone mineral
density (BMD) at the lumbar spine or femoral neck in
less than 80 % of the young adult mean (YAM) in the
Japanese population and the presence of a fragility fracture
and (2) BMD at the lumbar spine or femoral neck in less
than 70 % of YAM. Furthermore, as additive criteria for
osteoporosis, the following items were included: age >65 years,
previous fragility fracture at older than 50 years of age, or >1
pre-existing vertebral fracture.

@ Springer

Treatment protocol

Subjects were given weekly subcutaneous injections of
56.5 ug teriparatide for 24 weeks. Teriparatide was supplied
by Asahi Kasei Pharma Corporation (Tokyo, Japan). All sub-
jects were receiving daily calcium (610 mg), vitamin D
(400 1U), and magnesium (30 mg) supplements.

Data collection

Blood and urine samples were collected in weeks 0, 4, 12, and
24. In the data collection week, 0 h examinations were
performed at 0800. Teriparatide was administered immediate-
ly after 0 h collection of blood and urine samples. Blood
samples for PK were collected at 0, 0.5, 1, 2, 4, 6, 8, 12, and
24 h afler the injection. Serum and urine samples for measure-
ments of bone turnover markers were collected at 0, 2, 4, 6, 8,
12, and 24 h after the injection. BMD at the lumbar spine was
measured at 0 and 24 weeks.

Outcome measures

PK and changes in calcium metabolism, bone turnover markers,
and BMD were measured. Plasma teriparatide concentrations
were measured at Sekisui Medical Co., Ltd (Tokyo, Japan) using
arat PTH immunoradiometric assay kit IRMA; Immutopics Inc.,
San Clemente, CA, USA) with a range of 10 to 1,000 pg/mL.
Serum calcium (Ca) was measured at Mitsubishi Chemical
Medience Co (Tokyo, Japan). Serum intact PTH levels were
measured by an electrochemiluminescence immunoassay (Roche
Diagnostics K.K., Tokyo, Japan). 25-hydroxy vitamin D
(25(0H)D) was measured by a competitive protein-binding assay
(Mitsubishi Chemical Medience Co). Serum levels of the bone
turnover markers, osteocalcin and procollagen type I N-terminal
propeptide (PINP) (both bone formation markers), were mea-
sured by BGP-IRMA (Mitsubishi Chemical Medience Co) and
bone radioimmunoassay (Orion Diagnostic, Espoo, Finland), re-
spectively (the coefficients of variation were previously reported
[4]). Urinary cross-linked N-telopeptide of type I collagen (NTX;
Osteomark, Inverness Medical Innovations Inc, Waltham, MA,
USA) was measured by ELISA, and urinary deoxypiridinoline
(DPD) was measured by Mitsubishi Chemical Medience Co; both
are bone resorption markers. The inter-assay coefficients of vari-
ation were described in a previous report [7]. Samples were
measured at each sampling time. Lumbar BMD was measured
using DXA/QDR (Hologic, Bedford, MA, USA). Adverse events
(AEs) were investigated by the physicians and classified using the
system organ class from MedDRA version 12.0.

Statistical analysis

The concentrations of teriparatide, calcium metabolism,
and bone turnover markers are expressed as means+SE.
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In the 24 h change analysis, calcium metabolism and bone
turnover markers were compared to the 0 h value (paired ¢
test). The bone turnover markers and lumbar BMD are
expressed as the mean percent changes from corresponding
week 0 values. The changes from baseline were evaluated
using paired ¢ test.

Ethical considerations

The protocol of the present study was approved by the Insti-
tutional Review Boards at each participating institution, and
the study was conducted in compliance with the Declaration
of Helsinki and Good Clinical Practice (GCP). Written,
informed consent was obtained from all participants prior to
their participation in the study.

Results
Subjects

Twenty-eight subjects with osteoporosis were enrolled in this
study. One subject was withdrawn from the study at the first
week of injection at the subject's request. The subjects' base-
line characteristics are shown in Table 1. The serum 25(OH)D
level was only measured at 0 weeks. One subject with a
vitamin D deficiency at baseline was not included.

Pharmacokinetics

The 24 h changes in plasma teriparatide acetate concen-
trations were nearly equal in each data collection week
(Fig. 1). No major difference was found in peak concentra-
tions at 30 min among 0, 4, 12, and 24 weeks. The distribu-
tions of mean values of PK parameters in each sampling week
were as follows: C . 495.9-653.9 pg/mL, AUCj,; 53.0—
70.5 ng-min/mL, AUC;s 55.5-74.1 ng-min/mL, T, 34.4—
41.1 min, and T 57.4-123.4 min.

Changes in calcium metabolism

In each data collection week, the corrected serum Ca increased
to a peak concentration (9.7-9.8 mg/dL) at 6 h and de-
creased to the baseline level at 12-24 h (Fig. 2a). During
the 24 week dosage period, the serum corrected Ca level
decreased significantly at 4 and 24 weeks (Fig. 2b). Serum
intact PTH decreased to its minimum concentration (25.6~
28.3 pg/mL) at 2 or 6 h and maintained a value lower than
the 0 h level at 24 h (Fig. 2¢). During the dosage period of
24 weeks, the intact PTH level decreased significantly at
12 and 24 weeks (Fig. 2d).
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Table 1 Participants' baseline characteristics
Item Mean+SD
Age (years) 71.1£3.6
Height (cm) 152.2+5.9
Weight (kg) 49.2+5.5
BMI (kg/m?) 214432
Lumbar BMD (g/cm?) 0.668+0.076
Corrected serum Ca (mg/dL) 9.7+0.3
Serum P (mg/dL) 3.6£0.5
Serum intact PTH (pg/mL) 37.2+11.6
Serum 25(OH)D (ng/mL.) 29.7+£7.5
Serum osteocalcin (ng/mL) 7.9+£33
Serum PINP (ng/mL) 49.5£23.3
Urinary DPD (pmol/pmol - Cr) 5.0+2.2
Urinary NTX (nmol/mmol - Cr) 46.9+21.5

Twenty-four hour changes in bone turnover markers after each
injection

The 24 h percent changes in bone turnover markers after each
teriparatide injection at each data collection week are shown in
Fig. 3. The serum osteocalcin level decreased to its minimum
value (9.8 to —17.5 %) at 6, 8, or 24 h (Fig. 3a). The levels at
24 h were mostly significantly lower than at 0 h. The serum
PINP decreased to its minimum value (—15.1 to —22.3 %) at
6 h and then increased significantly to about 5 % (4.9 to 8.6 %)
at 24 h after the teriparatide injection (Fig. 3b). The urinary
NTX increased to its maximum value (41.2 to 67.4 %) at 4 or
6 h and then decreased (Fig. 3¢). The DPD increased to its
maximum value (29.5 to 31.6 %) at 2 or 4 h and then
decreased significantly (Fig. 3d). The profiles of the 24 h
changes in each bone turnover marker were almost the same
in each collection week.

Plasma teriparatide acetate
concentration (pg/mL)

L ]

o
0 1 2 3 4

5 6 7
Time after administration (h)

Fig.1 Mean change over 24 h of the plasma concentration of teriparatide
acetate at 0 weeks (black circle), 4 weeks (white circle), 12 weeks (black
triangle), and 24 weeks (white triangle). Data are plotted as means (+SE)
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Fig. 2 Mean changes in scrum
calcium and intact PTH after

V)

o

9.9

injection of 56.5 pg. teriparatide
Time courses of corrected serum
calcium (a) and intact PTH (c¢)
over 24 h at 0 weeks (black
circle), 4 weeks (white circle),
12 weeks (black mriangle), and
24 weeks (white triangle), and the
changes in the baseline levels of
corrected serum calcium (b) and
intact PTH (d) over 24 weeks.

Corrected serum Ca (mg/dL)

9.8

Corrected serum Ca {mg/dL)

9.3 : . : g3 PR '
Data are plotted as means (£SE) 0 4 8 12 16 20 24 0 4 8 12 16 20 24
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Changes in bone turnover marker levels over 24 weeks

Percent changes from baseline for 24 weeks were calculated
for serum osteocalcin and PINP and urinary NTX and DPD.

Time after initial dose {(weeks)

The serum osteocalcin levels before each teriparatide injection
were significantly increased by 26.8 % at 4 weeks, and the
levels were maintained for 24 weeks (Fig. 4a). The serum
PINP level increased significantly by 19.9 % at 4 weeks and

Fig. 3 Mean percent changes a b
from 0 to 24 h for serum 40
osteocalcin (a), serum PINP (b), —~ 30 -
urinary NTX (¢), and urinary 232 =
DPD (d) at 0 weeks (black g <
circle), 4 weeks (white circle), g z
12 weeks (black triangle), and 2 o
24 weeks (white triangle). Data o E
are plotted as means (+SE) S ;g R
*p<0.05 #*p <0.01 versus 0 h 8 37
with paired ¢ test "g;;
.25 : :
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time after administration (h) Time after administration (h)

¢ 100 d

€ g

X 2

z Q

= =

« ©

£ £

5 =

'40 i ' i i L _3“ I i 4
0 4 8 12 16 20 24 0 4 8 12 16 20 24

Time after administration (h)
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Fig. 4 Mean percent changes in a b
0 h values from 0 to 24 weeks for
serum osteocalcin (a), serum —
PINP (b), urinary NTX (¢), and > .
urinary DPD (d). Data are plotted 5 &
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then decreased to the baseline level at 12 weeks (Fig. 4b). The
urinary NTX decreased significantly by 14.8 % at 4 weeks and
subsequently returned to the baseline level (Fig. 4c). The
urinary DPD decreased by 17.8 % at 4 weeks and then
maintained this lower level (Fig. 4d).

Lumbar bone mineral density

The percent change in lumbar BMD increased 2.6 % from
baseline at 24 weeks.

Safety

No serious AEs were observed in this study. AEs occurred in
21 (75 %) subjects. The most frequent AEs were gastrointesti-
nal disorders (14 cases, 50.0 %), and second were skin and
subcutaneous tissue disorders and laboratory test abnormalities
(9 cases, 32.1 %). Hypercalcemia was not observed.

Discussion

This study aimed to clarify the PK, calcium metabolism, and
profile of bone turnover markers (response at 24 h after
injection and changes from baseline levels during 24 weeks)
with once-weekly injections of 56.5 ug teriparatide for
24 weeks. We previously reported on the response for up to
14 days after a single injection of 56.5 ug teriparatide in

Time after initial dose (weeks)

healthy postmenopausal women [7], but whether this response
was sustained for the long-term in women with osteoporosis
was unknown.

At data collection during the 24 week observation period,
the changes in PK, calcium metabolism, and bone turnover
markers at 24 h after injection repeatedly showed the same
direction and level of response. It has been reported that, with
PTH administration, PTH/PTHrP receptors are down-regulated,
the receptor number decreases [8—10], and the receptor decrease
is also regulated at the gene expression level [11, 12]. However,
based on the results of the responses in the present study, even if
PTH/PTH1P receptors are transiently down-regulated by PTH
administration, the response was repeatedly sustained with
once-weekly injections of 56.5 ug teriparatide. This is the first
evidence in humans that the response at 24 h after injection of
teriparatide is repeated without attenuation during weekly ad-
ministration. The transient decrease followed by an increase in
bone formation markers and the transient increase followed by a
decrease in bone resorption markers at 24 h after injection of
56.5 ug teriparatide were repeated each time at the same levels
for up to 24 weeks.

PTH is reported to increase RANKL expression on osteo-
blast lineage cells and to trigger osteoclast differentiation and
activation. Ma et al. reported that, 1 h after PTH administra-
tion in mice, RANKL increased and OPG decreased at the
mRNA level, and after 3 h, they returned to baseline levels
[13]. This response after teriparatide injection, in which bone
resorption increased transiently and then returned to basal
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levels after 24 h, was also confirmed in humans in the
present study.

Meanwhile, PTH in vitro has been reported to inhibit bone
formation, such as collagen synthesis [14], osteocalcin pro-
duction [15], and calcified bone-like nodule formation in
primary osteoblast cultures [16]. However, Bellows and our
group found that when PTH is removed from culture, the
osteoblast function that was inhibited was restored [15, 16].
In addition, PTH stimulates the proliferation and differentia-
tion of osteoprogenitor cells and pre-osteoblasts [15, 17],
inhibits apoptosis [18, 19], and acts to gradually increase the
osteoblast number.

Based on these findings, the 24 h responses in osteocalcin
and PINP with injection of 56.5 pg teriparatide are explained
by inhibition of bone formation while teriparatide is present in
the blood and a subsequent return in osteoblast function with
elimination of teriparatide from the blood.

As a change from baseline levels at 24 weeks with once-
weekly injection of 56.5 (g teriparatide, a significant decrease
in intact PTH was observed. We previously reported that intact
PTH was decreased even after 7 days with a single-dose
injection of 56.5 pg teriparatide [7]. The significant decrease
in baseline intact PTH after 12 and 24 weeks with repeated
administration in the present study is probably due to these
accumulated decreases at 7 days after teriparatide injection.
Moreover, the significant decreases after 4 and 24 weeks in
corrected serum Ca are similar to the results with long-term
administration of teriparatide by Fujita et al. [20] and our
group [4]. Changes in baseline levels of bone turnover
markers with once-weekly injection of 56.5 pg teriparatide
included increases in bone formation markers (serum
osteocalcin and PINP) and decreases in bone resorption
markers (urinary NTX and DPD), particularly at week 4.
These baseline changes can be explained from the results of
single-dose injection of 56.5 pg teriparatide. On day 7 after
injection of 56.5 pg teriparatide, osteocalcin and PINP in-
creased by 5 and 10 %, respectively, and NTX decreased by
10 % [7]. With repeated administration of teriparatide once-
weekly, the increases in bone formation markers and
decreases in bone resorption markers with each previous
injection accumulated. As a result, a significant change in
bone turnover markers was observed after 4 weeks in the
present study.

Moreover, the direction and level of changes in these bone
turnover markers were similar to previously reported results
with once-weekly administration of teriparatide. Fujita et al.
[20] reported that serum bone-type alkaline phosphatase
(serum BAP) increased and peaked at 4 weeks, but it de-
creased to baseline levels by 24 weeks, and urinary DPD
continued to decrease. Similar patterns of changes in bone
turnover markers were also observed in our previous trial [4].
In the present study as well, serum PINP increased and
peaked at 4 weeks, but subsequently decreased, and urinary

@ Springer

DPD and urinary NTX remained the same or tended to de-
crease over the 24-week period. Thus, the changes in bone
turnover markers with once-weekly teriparatide injection were
reproduced in each report, and the level of increase in bone
formation markers in each was about 20 %. Furthermore, with
weekly teriparatide, serum osteocalcin increased significantly
after 24 weeks, but serum P1NP did not increase significantly.
Osteocalcin is produced by mature osteoblasts, but PINP,
a collagen synthesis marker, is produced by premature
osteoblasts [21]. Therefore, the changes in serum PINP
and serum osteocalcin with once-weekly injection of
teriparatide may indicate early stimulation of collagen
production, followed later by long-term stimulation of
collagenous matrix mineralization.

The long-term changes in bone turnover markers with daily
teriparatide administration have been fully reported. Daily
teriparatide markedly and quickly increased a bone formation
marker by 105 % after 1 month and 218 % after 6 months, and
a bone resorption marker increased by 58 % after 6 months
[22]. Serum PINP has been established as the most specific
marker for PTH action at the osteoblastic level. In addition, a
clinical study of daily teriparatide reported that early changes
in serum P1NP can predict future increases in BMD [22] and
bone architecture [23]. The time interval and the differences in
the levels of the increases in bone formation markers and bone
resorption markers are called the “anabolic window™ [24, 25].

However, the direction and level of changes in bone turn-
over markers in the present study differed from those with
daily teriparatide administration. Namely, with daily adminis-
tration, bone formation markers increased greatly (serum
PINP 218 %), and then bone resorption markers increased
(urinary NTX 58 %) [22]. In contrast, with once-weekly
injection of teriparatide, bone formation markers increased
and bone resorption markers decreased, although these
changes were small. This difference may be due to the timing
of administration (once-weekly vs. daily) and the doses of
teriparatide (56.5 vs. 20 ug). Once-weekly teriparatide treat-
ment may provide a beneficial window based on the differ-
ence between the small increase in bone formation and the
small decrease in bone resorption. Nevertheless, the effects on
fracture risk reduction were similar with the once-weekly and
daily regimens (relative risk reduction in vertebral fractures:
once-weekly teriparatide 80 % [4], daily teriparatide 65 %
[1]), the anabolic window proposed with daily teriparatide
alone may not explain the effects of weekly teriparatide on
reducing fracture risk. Therefore, explanatory factors for frac-
ture reduction other than the amount of change in bone tumn-
over markers may also exist. The small increase in bone
formation and decrease in bone resorption with once-weekly
injection of teriparatide may affect the balance and regulation
of bone metabolism. With once-weekly teriparatide in ovari-
ectomized monkeys, Saito et al. explained the effects on
increasing bone strength as an improvement in bone structure
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and bone quality [26]. In addition, increased lumbar spine
BMD with daily teriparatide injection accounts for 30-41 %
of vertebral fracture reduction [27], which is higher than that
with antiresorptive agents [28—30]. Therefore, an increase in
lumbar spine BMD with once-weekly teriparatide injection
may contribute to some extent to vertebral fracture reduction.
In fact, Fujita reported that incident vertebral fractures were
observed in the low- or middle-dose weekly teriparatide
group, but a greater increase in vertebral BMD, and no inci-
dent vertebral fractures were observed in the high-dose
(56.5 pg as in the present study) group [20]. Moreover, the
contribution of the change in vertebral BMD to incident
vertebral fracture with weekly teriparatide treatment in our
previous study [4] was higher (unpublished data) than that
with daily teriparatide treatment [27]. Namely, with once-
weekly teriparatide, bone density increases, collagen enzymat-
ic cross-links increase, and non-enzymatic cross-links decrease.
This results in a highly effective increase in bone strength.
Therefore, the marked fracture prevention effects with once-
weekly administration may at least be partially explained by the
difference in stimulation of bone formation and inhibition of
bone resorption as well as improvement in bone quality.

Moreover, although non-vertebral fragility fracture risk
reduction did not differ significantly with once-weekly
teriparatide injection because of the small sample size, there
tended to be a reduced risk (relative risk, 0.67; 95 % CI, 0.24—
1.84; p=0.43) [4]. Increased femoral BMD explained 87 % of
the reduction in non-vertebral fracture risk for denosumab
[31] and 61 % of the reduction for zoledronic acid [32]. This
was reported to be relatively high compared to the vertebral
fracture risk reduction. Once-weekly teriparatide injection may
also reduce non-vertebral fracture risk, mainly by increasing
total hip BMD [4].

The present study did have some limitations. First, only a
single-dose regimen (once-weekly 56.5 ug teriparatide) was
used without a control group. However, regarding compari-
sons with other administration regimens, a full comparison
with the daily administration regimen was performed. Second,
the treatment evaluation period was 24 weeks (one third of the
full treatment regimen). However, the repeated responses
were sustained for at least 24 weeks, and no decreases in the
response levels were observed. In addition, the changes from
baseline levels of the bone turnover markers seen in this study
were similar to the results of the TOWER trial with a 72-week
treatment period. Thus, the responses may be sustained for up
to 72 weeks.

Conclusions
In conclusion, the present study evaluated the profile of bone

turnover markers with once-weekly injection of 56.5 g
teriparatide for 24 weeks. Changes in PK, calcium metabolism,

and bone turnover markers at 24 h after teriparatide injection
continued in the same direction and at the same level
for 24 weeks. No loss of responsiveness was observed.
After 24 weeks, the bone formation marker serum
osteocalcin increased significantly, but serum PINP did not
increase significantly. Bone resorption markers decreased or
remained the same.

Disclosure statement Asahi Kasei Pharma Corporation provided
funding and supplied the test drugs for this study.
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ABSTRACT

Weekly administration of teriparatide has been shown to reduce the risk of vertebral and non-vertebral fractures
in patients with osteoporosis at higher fracture risk in Japan. However, its efficacy for hip fracture has not been
established. To gain insight into the effect of weekly teriparatide on the hip, hip structural analysis (HSA)
based on dual-energy X-ray absorptiometry (DXA) was performed using the data of 209 postmenopausal osteo-
porotic women who had participated in the original randomized, multicenter, double-blind, placebo-controlied
trial assessing the effects of once-weekly 56.5 g teriparatide for 72 weeks. The DXA scans, obtained at baseline,
48 weeks and 72 weeks, were analyzed to extract bone mineral density (BMD) and cross-sectional geometrical
indices at the narrowest point on the neck (NN), the intertrochanteric region (IT), and the proximal shaft. Com-
pared with placebo after 72 weeks, the teriparatide group showed significantly higher BMD, average cortical
thickness, bone cross-sectional area, and section modulus, and lower buckling ratio at both the NN and IT regions.
No significant expansion of periosteal diameter was observed at these regions. There were no significant differ-
ences in BMD and HSA indices at the shaft region. The results indicate that overall structural strength in the prox-
imal femur increased compared to placebo, suggesting that once-weekly teriparatide effectively reverses changes

in hip geometry and strength with aging.
© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/).

Introduction

Intermittent administration of teriparatide (human parathyroid hor-
mone; PTH 1-34) increases bone mineral density (BMD) and improves

Abbreviations: HSA, hip structural analysis; DXA, dual-energy X-ray absorptiometry;
BMD, bone mineral density; NN, narrowest point on neck; IT, intertrochanteric region;
Teriparatide, human parathyroid hormone: PTH 1-34; TOWER trial, Teriparatide Once-
Weekly Efficacy Research trial; CSMI, cross-sectional moment of inertia; SM, section mod-
ulus; OD, outer diameter; ED, endocortical diameter; CoTh, average cortical thickness; CSA,
total mineralized bone area in cross-section; BR, buckling ratio; RO, region of interest;
BMI, body mass index; QCT, quantitative computed tomography.
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microarchitecture through its anabolic effect on bone [1-5]. Once-
weekly teriparatide injection at a dose of 56.5 g and daily teriparatide
injection at 20 g are currently available for the treatment of primary
osteoporosis with high fracture risk in Japan. In both teriparatide treat-
ment regimens, marked reduction in fracture risk has been demonstrat-
ed at the spine, whereas their efficacy has not been established for hip
fracture. Of the common osteoporotic fracture sites, hip fractures pres-
ent the greatest risk of morbidity and mortality, but hip fractures are
far less frequent than vertebral fractures, and most clinical trials are in-
sufficiently powered to show a comparable reduction in hip fractures.
The anti-fracture efficacy of once-weekly 56.5 g teriparatide
for 72 weeks was evaluated in 578 postmenopausal women and older
men with primary osteoporosis by a randomized, controlled trial,
the Teriparatide Once-Weekly Efficacy Research (TOWER) trial [6].
Teriparatide administration increased BMD by 6.4%, 3.0%, and 2.3% at
the [umbar spine, total hip, and femoral neck, respectively, compared

8756-3282/© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://creativecommons.org/licenses/by/3.0/).
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Table 1
Baseline demographics and clinical characteristics of the teriparatide and placebo groups.

Teriparatide group Placebo group

(n = 98) (n=111)

Age (years) 739 4 54 741 £ 54
Body height (cm) 1483 + 54 147.7 + 5.6
Body weight (kg) 51.0 £ 75 514+ 78
Body mass index (BMI) (kg/m?) 232 4 3.3 235 + 3.1
Years after menopause {years) 244 4 65 244 4 66
Bone mineral density (T-score)

Lumbar spine {[2-4) —2.7 4 1.0 =26+ 1.0

Femoral neck ~25+ 08 —24 4 08

Total hip —22 410 —=2.1 409
Number of prevalent vertebral fractures 1.9+ 1.4 1.7 4+ 11

Data are mean == SD.
Hip bone mineral densities are data at conventional DXA regions.

with placebo. Incident vertebral fracture risk was reduced by 80% (rela-
tive risk reduction) compared to placebo. In addition to its antifracture
efficacy at the spine, once-weekly treatment with teriparatide reduced
the risk of clinical fragility non-vertebral fractures by 67% compared to
placebo. Although the increase of hip BMD was significant, the magni-
tude of the percent increase was less than half that of lumbar BMD.
The reduced risk of non-vertebral fracture may be partially due to the
changes in long bone geometry caused by teriparatide treatment.
Bone geometry refers to bone tissue distribution and alignment,
which are critical for both the structural and biomechanical properties
of bone [7]. In this context, the hip structural analysis (HSA) algorithm
was developed for noninvasive clinical evaluation of dual-energ
X-ray absorptiometry (DXA) of the proximal femur [8]. Prospective ep-
idemiological studies demonstrated the ability of this method to predict
hip fracture using indices of hip geometry. In a prospective case-control
study of 71 women and 25 men more than 60 years old [9], the femoral
neck diameter and section modulus (SM) were identified as indepen-
dent predictors of hip fracture risk after adjustment for BMD in both
women and men. Recent prospective studies of large epidemiologic
cohorts have shown that certain geometric properties, particularly

Table 2
Baseline HSA measurements and percent changes at 48 and 72 weeks.

buckling ratio, cortical thickness, and outer diameter, predict incident
hip fracture as well as conventional BMD at the proximal femur [10-12].

HSA is considered to be a suitable technique for geometrical assess-
ment. Although one must be cautious about the methodological limits
of measuring geometry from two-dimensional DXA scans, HSA could
provide critical insights into the mechanisms of the therapeutic efficacy
of anti-osteoporotic agents. The purpose of this study was to investigate
the effect of once-weekly injection of 56.5 g teriparatide on proximal
femoral geometry using HSA.

Subjects and methods
Subjects

The subjects in this analysis were a subgroup of the original TOWER
trial [6], and they included 209 ambulatory female patients with osteo-
porosis (>65 years old) enrolled at 25 sites equipped with DXA systems
to measure hip BMD, bone geometry, and biomechanical indices. The in-
clusion and exclusion criteria of the original TOWER trial were fulfilled
|6]. Subjects with 1 to 5 vertebral fractures with low BMD (T-score <
—1.67) were eligible. Subjects with diseases or using drugs affecting
bone or calcium metabolism were excluded. The subjects were randomly
allocated to either weekly subcutaneous injection of 56.5 g teriparatide
(teriparatide group) or placebo (placebo group) for 72 weeks. All subjects
received daily supplements of calcium (610 mg), vitamin D5 (400 [U) and
magnesium (30 mg).

The original TOWER trial was conducted in compliance with the eth-
ical principles stated in the Declaration of Helsinki and Good Clinical
Practice. The trial was approved by the institutional review boards at
each site, and all subjects provided their written, informed consent be-
fore enrollment.

Methods
The subjects were measured for bone parameters by DXA at baseline

and after 48 and 72 weeks of treatment. All DXA devices were of the
Hologic system (Hologic Inc., Waltham, MA), and each machine was

Teriparatide group Placebo group
(n = 98) (n=111)
Site Parameter Baseline 48 weeks 72 weeks Baseline 48 weeks 72 weeks
Narrow neck BMD (g/cm?) 063 + 0.10 244717 34 £+ 69° 0.63 + 0.09 —-07 £ 50 —05 + 48
CoTh (cm) 0.12 + 0.02 2.8 £ 89" 38 4+ 82° 0.12 + 0.02 —04 £ 63 0.1 + 64
CSA (cm?) 1.88 £ 0.29 19 £57° 22 4 56° 1.90 4+ 027 —1.1 4 44° —1.1 £ 43
0D (cm) 315+ 022 —0.3 + 38 —1.1 433" 3.16 + 0.20 —04 £32 —~06 £ 28
ED (cm) 292 + 024 —05 + 45 —14 £ 40° 292 + 021 —04 + 37 —06+ 33
SM (cm?) 0.90 + 0.16 13 + 80 26+ 75° 0.90 + 0.16 —-02+71 -08+73
BR 15.89 & 3.48 —26 £ 115 —45 + 10.1° 15.77 + 3.20 03 +83 ~03 + 8.1
Intertrochanteric region BMD (g/cm?) 062 £ 0.12 23 £ 47 3.1 £ 5.0° 0.63 £ 0.10 —08 & 4.1° ~14 + 46°
CoTh (cm) 0.26 - 0.05 1.8 + 457 21447 027 £ 005 —1.0 + 48 —09 £ 0.1°
CSA (cm?) 3.03 + 0.56 16 £ 39° 26 + 41° 3.10 + 049 —06 + 42 —09 + 45
OD (cm) 5.14 + 030 ~04 422 —03 4+ 22 5.20 4 0.28 03+ 19 04 + 21
ED (cm) 462 + 033 —0.6 4 257 —05 + 26 467 + 031 04 + 2.1° 0.6 + 24°
SM (cm?®) 252 + 059 09 + 65 33 +74° 2.63 + 0.60 09 +74 —0.0+ 76
BR 12.20 + 3.11 —-22 £ 54° —23 458 11.88 + 2.60 12 £57° 20 £59°
Shaft BMD (g/cm?) 123 £ 021 0.1+38 03 + 38 124 & 0.19 ~03+ 37 —05+ 39
CoTh (cm) 0.45 4 0.10 —0.1+ 5.1 —-02 + 50 046 + 0.09 05 + 49 —08 £ 50
CSA (cm?) 3.19 4 0.53 ~0.1 433 1.0 £ 36° 324 + 047 00 + 34 —-01+38
0D (cm) 274 4+ 0.20 —00 £ 22 09 + 1.7% 2.75 4 0.19 —03 £ 20 04 + 2.0°
ED (cm) 1.84 4 033 =00+ 57 1.6 & 44° 1.83 + 0.32 —08 £ 50 1.3 + 5.2°
SM (cm?) 1.68 4 0.32 —0.0 4 46 14 £ 5.1° 1.69 £ 0.26 —08 4 49 1.0 £ 55
BR 3.33 + 097 —00+72 12+ 69 3254083 —08 £+ 6.7 15+ 70°

Data are mean =+ SD.

SM, section modulus; BR, buckling ratio; CSA, total mineralized bone area in cross-section; OD, outer diameter; ED, endocortical diameter; CoTh, cortical thickness.

@ p < 0.05, compared with baseline.
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adjusted for differences by calibration with standard phantoms to verify
the reproducibility of the measurements within 4 1.5% during the study
period. DXA scan data for the proximal femur were analyzed using APEX
3.0 software (Hologic, Inc.), and all analyses were conducted by the
same technician (TT) in the Department of Radiological Technology,
Kawasaki College of Allied Health Professions.

The HSA algorithm is based on a principle first articulated by Martin
and Burr [13], who demonstrated that mineral profiles created during
single photon absorptiometry are a projection of the corresponding
bone cross-section and can be used to define its geometry. As described
previously [8,14,15], the HSA algorithm derives the conventional BMD
(g/cm?), the outer diameter (OD, cm), the endocortical diameter (ED,
cm), the average cortical thickness (CoTh, cm), the total mineralized
bone area in the cross-section {(CSA, cm?), the cross-sectional moment
of inertia (CSMI, cm*), and the section modulus (SM, cm?) directly
from the mass profiles. SM is computed as CSMI / dpax, Where dpmax
(cm) is the maximum distance between the center of the mass (cen-
troid) and the outer cortex. Another parameter, the buckling ratio
(BR), is estimated as the ratio of d,,ax to the estimated average CoTh de-
rived from an annulus model of the cross-section using the measured
0D, assuming that a fixed proportion of CSA is in the cortex. CSA and
SM are indices of resistance to axial compressive and bending loads, re-
spectively, and BR is a crude index of susceptibility to local buckling
under bending loads.

The HSA software generates profiles of pixel values traversing the
proximal femur at three locations: the narrow neck (NN) across the
femoral neck at its narrowest point, the intertrochanteric region (IT)
along the angle bisector defined by the neck and shaft axes, and across
the shaft at 30 mm below the most prominent portion of the lesser tro-
chanter. To avoid variation in the visualization of the lower border of the
lesser trochanter depending on the inner rotation of the hip joint, the
distance from the highest part of the lesser trochanter was made
constant to improve the reproducibility of bone shaft regions and to cor-
rectly determine the region of interest (ROI). At each of these locations,
five parallel profiles were generated, spaced one pixel apart, proximal
and distal to the three defined locations. The five profiles were averaged
within each region, and the BMD, CSA, OD, ED, CoTh, SM, and BR were
reported.

Statistics

All statistical analyses were performed on subjects who had been
randomized and had evaluable observations for HSA assessment at
baseline and at 48 and 72 weeks. Paired and unpaired Student's t-tests
were used. All p values calculated in the analysis were two-sided and
were not adjusted for multiple testing. Statistical analyses were per-
formed with SAS version 9.1 (SAS Institute, Cary, NC, USA).

Results
Background characteristics

A total of 209 subjects were analyzed by the HSA program. There
were 98 subjects in the teriparatide group (mean age 4 SD: 73.9 £+
5.4 years) and 111 subjects in the placebo group (74.1 + 5.4 years).
Table 1 shows the subjects' background characteristics at baseline in
both groups. There were no significant differences between the two
groups in age, height, weight, body mass index (BMI), years after men-
opause, BMD at the spine and hip, or the number of vertebral fractures
(p > 0.05).

Effect of teriparatide on BMD
Percentage changes in BMD of individual femoral regions from base-

line are shown in Table 2. There were no significant differences at base-
line for BMD at the NN, IT, and shaft between the teriparatide and

placebo groups. Compared to baseline, weekly teriparatide significantly
increased BMD at the NN (2.4%, 48 weeks, p = 0.01; 3.4%, 72 weeks,
p <0.01) and IT (2.3%, 48 weeks, p < 0.01; 3.1%, 72 weeks, p < 0.01).
No significant increase was observed at the shaft (0.1%, 48 weeks,
p = 0.87; 0.3%, 72 weeks, p = 0.55).

Effects of teriparatide on bone geometry parameters

Baseline and percent changes in bone geometry parameters are
shown in Table 2. There were no significant differences at baseline for
any bone geometry parameter at the NN, IT, and shaft between the
teriparatide and placebo groups. Compared to baseline, weekly teri-
paratide significantly increased: CoTh at the NN (2.8%, 48 weeks, p =
0.03; 3.8%, 72 weeks, p < 0.01) and IT (1.8%, 48 weeks, p < 0.01; 2.1%,
72 weeks, p = 0.01); CSA at the NN (1.9%, 48 weeks, p = 0.02; 2.2%,
72 weeks, p = 0.02), IT (1.6%, 48 weeks, p < 0.01; 2.6%, 72 weeks,
p <0.01), and the shaft (1.0%, 72 weeks, p = 0.03); OD at the shaft
(0.9%, 72 weeks, p < 0.01); and ED at the shaft (1.6%, 72 weeks, p =
0.04). Teriparatide treatment also decreased OD at the NN (—1.1%,

a) NN BMD
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Fig. 1. Mean + standard error (SE) and percent changes from baseline in narrow neck
(NN, 1a), intertrochanteric region (IT, 1b), and shaft (1c) bone mineral density (BMD) at
48 weeks and 72 weeks of treatment with teriparatide and placebo. Solid and broken
lines correspond to teriparatide and placebo groups, respectively. To compare the differ-
ence between the two groups, the percent changes from baseline in hip structural analysis
(HSA) parameters were analyzed using Student's t-test. *p < 0.05, compared with placebo.
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72 weeks, p = 0.01) and ED at the NN (— 1.4%, 72 weeks, p = 0.01) and
IT (—0.6%, 48 weeks, p = 0.02). In the placebo group, CoTh at the IT
(—0.9%, 72 weeks, p < 0.01), CSA at the NN (—1.1%, 48 weeks, p =
0.01; —1.1%, 72 weeks, p = 0.02), and OD at the NN (—0.6%, 72 weeks,
p = 0.04) decreased significantly, whereas OD at the shaft (0.4%,
72 weeks, p = 0.04) and ED at the IT (0.4%, 48 weeks, p = 0.04; 0.6%,
72 weeks, p = 0.01) and shaft (1.3%, 72 weeks, p = 0.02) increased
significantly.

Effects of teriparatide on bone strength indices

Baseline and percent changes in bone strength indices are shown in
Table 2. There were no significant differences at baseline for any bone
strength indices at the NN, IT, and shaft between the teriparatide and
placebo groups. Teriparatide treatment also decreased BR at the NN
(—4.5%, 72 weeks, p <0.01) and IT (—2.2%, 48 weeks, p < 0.01;
—2.3%, 72 weeks, p < 0.01). In the placebo group, BR at the IT (1.2%,
48 weeks, p = 0.03; 2.0%, 72 weeks, p <0.01) and shaft (1.5%,
72 weeks, p = 0.04) increased significantly.
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Effect of teriparatide on BMD compared to placebo

The comparison of BMD between the teriparatide and placebo
groups is shown in Fig. 1. No significant differences in BMD were ob-
served at the shaft between the groups. Significantly greater increases
in BMD were observed in the teriparatide group (48 and 72 weeks) at
the NN and IT (Figs. 1a and b).

Effects of teriparatide on bone geometry parameters compared to placebo

Comparisons of CoTh, CSA, OD, and ED between the two groups are
shown in Fig. 2. Significantly greater increases in CoTh at the NN
(48 weeks, p < 0.01; 72 weeks, p < 0.01) and IT (48 weeks, p < 0.01;
72 weeks, p < 0.01) were observed in the teriparatide group (Figs. 2—
1a and b). There was no significant difference in CoTh at the shaft
(Fig. 2—1c). Significantly greater increases in CSA values were observed
at the NN (48 weeks, p < 0.01; 72 weeks, p < 0.01) and IT (48 weeks,
p < 0.01; 72 weeks, p < 0.01) in the teriparatide group (Figs. 2—2a
and b). There was no significant difference in CSA at the shaft (Fig. 2
—2¢). A significantly greater decrease in OD was observed at the IT

2a) NN CSA
3 .

—— Teriparatide
=O~-Placebo
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=
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w
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0 48 72
Weeks
2C) shaft CSA

2
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Fig. 2. Mean + SE and percent changes from baseline in cortical thickness (CoTh) in NN (1a), IT (1b), and shaft (1c); total mineralized bone area in the cross-section (CSA) in NN (2a),
IT (2b) and shaft (2c); outer diameter (OD) in NN (3a), IT (3b), and shaft (3c); and endocortical diameter (ED) in NN (4a), IT (4b), and shaft (4c) at 48 weeks and 72 weeks of treatment
with teriparatide and placebo. Solid and broken lines correspond to the teriparatide and placebo groups, respectively. To compare the difference between the two groups, the percent
changes from baseline in HSA parameters were analyzed using Student's t-test. *p < 0.05, compared with placebo.
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Fig. 2 (continued).

(48 weeks, p = 0.02; 72 weeks, p = 0.03) in the teriparatide group
(Fig. 2—3b). There were no significant differences in OD at the NN
and shaft (Figs. 2—3a and c¢). A significantly greater decrease in ED
at the IT (48 weeks, p < 0.01; 72 weeks, p < 0.01) was observed in
the teriparatide group (Fig. 2—4b). There were no significant differ-
ences in ED at the NN and shaft (Figs. 2—4a and c). In summary,
both CoTh and CSA increased in the NN and IT regions following treat-
ment with teriparatide; both OD and ED decreased in IT regions fol-
lowing treatment with teriparatide compared to placebo.

Effects of teriparatide on bone strength indices compared to placebo

Percent changes in bone strength indices are shown in Fig. 3. SM
showed significantly greater increases compared to placebo in the
teriparatide group at the NN (72 weeks, p < 0.01) and IT (72 weeks,
p < 0.01) (Figs. 3—2a and b). There was no significant difference in
SM at the shaft (Fig. 3—2c). BR values showed significantly greater de-
creases in the teriparatide group at the NN (48 weeks, p = 0.04;
72 weeks, p < 0.01) and IT (48 weeks, p < 0.01; 72 weeks, p < 0.01)
compared to placebo (Figs. 3—3a and b). There was no significant dif-
ference in BR at the shaft (Fig. 3—3c).

Discussion

This subgroup study using HSA demonstrated the changes of BMD,
bone geometry, and mechanical properties at the proximal femur with
once-weekly injection of 56.5 g teriparatide for 72 weeks. This is the
first longitudinal HSA study of weekly teriparatide including compari-
son with a placebo group. Previous studies have evaluated the effects
of daily teriparatide on hip geometry and its biomechanical properties
using HSA [16]. The effects of once-weekly teriparatide injection on
hip geometry in this study are roughly similar to the results with daily
teriparatide injection.

In this study, CoTh and CSA increased, while OD and ED remained
unchanged or decreased at the NN and IT over 72 weeks of once-
weekly teriparatide treatment. The results suggest that bone formation
took place at the endosteal and trabecular bone surfaces and not at the
periosteal surface. Previous reports suggested that daily treatment with
teriparatide stimulates new bone formation on both the periosteal and
endosteal surfaces [5,17]. The difference may be explained by the dose
of teriparatide or the timing of injection (daily versus weekly). General-
ly, the diameter of bone expands with age to compensate for the de-
crease in bone strength due to age-related bone loss {18-21].
Once-weekly teriparatide treatment increased CoTh without an
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Fig. 3. Mean # SE and percent changes from baseline in section modulus (SM) in NN (1a), IT (1b), and shaft (1c¢), and buckling ratio (BR) in NN (2a), IT (2b), and shaft (2¢) at 48 and
72 weeks of treatment with teriparatide and placebo. Solid and broken lines correspond to teriparatide and placebo groups, respectively. To compare the difference between the two
groups, the percent changes from baseline in HSA parameters were analyzed using Student's t-test. *p < 0.05, compared with placebo.

increase in cortical perimeter at the NN and IT. This phenomenon may
indicate anti-aging effects of teriparatide treatment. Reflecting the in-
crease in CoTh, a significant decrease in BR was also observed in the
teriparatide group.

Contrary to our expectations, OD at the NN showed a small but sig-
nificant decrease compared with baseline in the placebo group, al-
though it showed an increase both at the IT and shaft. The decrease in
OD at the NN in the placebo group is not consistent with previous re-
ports that showed a significant age-related increase in OD by HSA [20,
22]. At a region of very thin cortex, such as the upper border of the fem-
oral neck, the edge detection error in DXA analysis due to the partial vol-
ume effect may become evident, resulting in the apparent decrease in
OD. Such an error in edge detection would be exaggerated by the in-
crease in cortical porosity and the decrease in mineralization density
of bone tissue. In this context, the decreased tendency in OD in the
teriparatide group compared with the placebo group at the NN and IT
may be an artifact of edge detection error.

In contrast to the changes at the NN and IT with teriparatide treat-
ment, no significant differences were observed at the shaft in HSA indi-
ces between the teriparatide and placebo groups. Similar results have
been reported in a study with daily teriparatide injection [22].

The present HSA study results are consistent with the three-
dimensional assessment of proximal femoral geometry by quantitative
computed tomography (QCT) using a small sample of the TOWER trial
[23]. The present study confirmed the results of the QCT study using a
larger sample from the same trial. Taken together with the results of
the QCT study, once-weekly teriparatide injection appears to reverse
age-related deteriorations in bone structural strength by increasing
CoTh, CSA, and BMD, while not increasing cortical perimeter at the NN
and IT. Thus, once-weekly injection of 56.5 pg teriparatide may have
the potential to reduce the risk of hip fracture.

The present study has some limitations based on the methodological
assumptions in HSA. First, since HSA assumes a fixed proportion of cor-
tical and cancellous bone mass to calculate ED, the estimate of ED and its
derived measurements such as CoTh and BR are influenced when bone
mass changes in cortical and cancellous bone are not proportional. It has
been suggested that the increased bone mass with daily teriparatide
treatment predominantly involves cancellous bone [24,25]. However,
the QCT study using a small sample of the TOWER trial also showed a
significant increase in CoTh, as well as in CSA {23]. Thus, we think that
the differential effect on bone mass between cortical and cancellous
bone would be small with weekly teriparatide treatment.
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Another limitation is the possible error due to the assumption of
fixed bone mineralization density in HSA. Given that teriparatide
tends to decrease the mean mineralization density of bone tissue,
the increases in CSA, CoTh, and SM with treatments would be
underestimated.

In conclusion, HSA showed that once-weekly teriparatide increased
CoTh and CSA and improved biomechanical indices. Moreover, once-
weekly teriparatide did not increase OD and ED, but seemed to effec-
tively reverse changes in hip geometry and strength with aging. Taken
together with its anti-fracture efficacy in the spine [6], once-weekly
56.5 pg teriparatide administration is an option for the prevention of
spinal fractures and may have the potential to prevent hip fractures.
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ABSTRACT

Background: Deteriorated quality of life (QOL) is a
major problem in osteoporotic women. However,
little is known regarding the determinants of QOL
in patients with osteoporosis.

Objective: Our aim was to explore the role of
vitamin D status on QOL score in osteoporosis with
high fracture risk.

Methods: Patients were osteoporotic women aged
>70 years and with >1 risk factor for incident
fracture, namely prevalent osteoporotic fracture, bone
mineral density (BMD) >-3.0 SD of young adult
mean, or high bone turnover marker. Health-related
QOL was assessed using the Japanese Osteoporosis
Quality of Life Questionnaire (JOQOL). When pa-
tients were classified into quartiles by total QOL
score). Serum 25-hydroxyvitamin D (25[OH]D) level
was measured by immunoassay.

Results: A total of 1585 osteoporotic women were
included in the study (age range, 70-95 years). Age,
body mass index, serum 25(OH)D status (low, nor-
mal, or high), bone mineral density, number of

*Members of the A-TOP Research Group are listed in the
Acknowledgments.

prevalent vertebral fractures, presence of hyperten-
sion, presence of osteoarthritis, and history of falls
were significantly correlated with QOL quartile. Mul-
tivariate liner regression analysis indicated that low
serum 25(OH)D level (<20 ng/mL) was an independ-
ent determinant of total QOL score quartile (P =
0.0055). The conventional determinants of QOL—age
(P < 0.0001), body mass index (P = 0.0060), number
of prevalent vertebral fractures (P < 0.0001), pres-
ence of osteoarthritis (P = 0.0074), and history of fall
(P = 0.0098)—were also independent determinants of
total QOL score.

Conclusions: These results strongly suggest that
low serum 25(OH)D level was a significant determi-
nant of QOL in these osteoporotic women, independ-
ently of the conventional factors that reduce QOL.
Maintenance of serum 25(OH)D levels >20 ng/mL

Accepted for publication December 7, 2013.
http://dx.doi.org/10.1016/].clinthera.2013.12.007
0149-2918 © 2014 The Authors. Published by Elsevier, Inc.
Open access under CC BY-NC-ND license.

— 245 -



