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Abstract

Summary Daily teriparatide injections have been shown to
reduce vertebral and non-vertebral fractures. Here, we dem-
onstrate that the magnitude of fracture risk reduction is inde-
pendent of baseline fracture probability assessed by FRAX.
Introduction Daily administration of 20 or 40 g teriparatide
has been shown to significantly decrease the risk of vertebral
and non-vertebral fracture compared with placebo. The aim of
the present study was to evaluate fracture risk assessed at
baseline using the FRAX® tool and to determine the efficacy
of teriparatide as a function of baseline fracture risk.
Methods One thousand six hundred thirty-seven postmeno-
pausal women in the pivotal phase three trial, randomly
assigned to receive placebo (n=544), teriparatide 20 pg per
day (n=>541) or teriparatide 40 pg per day (n=552), were
studied. Baseline clinical risk factors were entered into
country-specific FRAX models to compute the 10-year prob-
ability of major osteoporotic fractures with or without input of
femoral neck BMD. Because there was no difference in effect
of 20 and 40 pg teriparatide daily on fracture occurrence, the
two active groups were merged. The interaction between
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probability of a major fracture and treatment efficacy was
examined by Poisson regression.

Results The 10-year probability of major osteoporotic fractures
(with BMD) ranged from 2.2—67.2 %. Treatment with
teriparatide was associated with a 37 % decrease in all non-
vertebral fractures (95 % CI 10-56 %) and a 56 % decrease in
low-energy non-vertebral fractures (95 % CI 24-75 %) com-
pared with placebo. The risk of morphometric vertebral fractures
decreased significantly by 66 % (95 % CI 50-77 %). Hazard
ratios for the effect of teriparatide on the fracture outcome did not
change significantly with increasing fracture probability
(p>0.30). Similar findings were noted for the interaction when
BMD was excluded from the FRAX model, or when probability
of hip fracture was used as the marker of baseline risk.
Conclusion We conclude that teriparatide significantly de-
creases the risk of non-vertebral and morphometric vertebral
fractures in women by a similar extent, irrespective of baseline
fracture probability.

Keywords BMD - Epidemiology - Fracture - FRAX -
Interaction - Osteoporosis - Randomised controlled trial -
Teriparatide

Introduction

Over the recent years, there has been increasing interest in the
concept of personalised or stratified medicine, in which treat-
ments are selected on the basis of individual patient characteris-
tics which may influence treatment efficacy [1]. The paradigm
has most often focussed on drug-genotype interactions [1], but in
the case of therapies aimed at fracture prevention in osteoporosis,
it may be applied to the assessment of baseline fracture proba-
bility. There are now many interventions that have been shown
in placebo-controlled trials to decrease the risk of fracture in
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postmenopausal osteoporosis [2]. One such example is the re-
combinant analogue of 1-34 parathyroid hormone, teriparatide.
Treatment with teriparatide has been shown to significantly re-
duce the risk of vertebral and non-vertebral fractures [3]. Bene-
ficial effects on non-vertebral fractures with teriparatide have
been shown to persist for up to 30 months after stopping treat-
ment [4].

Traditional approaches to stratification by baseline fracture
risk using T-score classification, prior fracture etc. have the major
disadvantage of reducing statistical power through mandating
subgroup analysis. FRAX®, a computer-based algorithm
(http://www.shef.ac.uk/FRAX) that provides models for the
assessment of 10-year fracture probability in men and women
using easily obtained clinical risk factors for fracture [5, 6], pro-
vides a continuous value, and thus permits assessment of base-
line risk whilst maintaining optimal statistical power. The use of
this approach has already been applied to several intervention
studies. In one such investigation, women aged 75 years or more,
living in the general community, identified from general practise
registers, were randomised to 800 mg oral clodronate or
matching placebo daily over 3 years [7]. Greater fracture reduc-
tion was observed at higher fracture probabilities, calculated with
or without the inclusion of BMD [8]. Similar findings were
reported for bazedoxifene [9] and for denosumab [10]. In con-
trast, the efficacy of raloxifene and strontium ranelate was similar
over a wide range of fracture probabilities [11, 12]. It is currently
unknown whether the efficacy of teriparatide is dependent on the
baseline risk of fracture, and the finding of similar interactions
would have important implications for targeting of treatment,
reimbursement, product differentiation, market segmentation,
meta-analysis and health economic assessment. In this study,
therefore, we used existing data from a major trial of teriparatide
in postmenopausal women to investigate whether fracture pre-
vention efficacy differed according to baseline 10-year fracture
probability, assessed using FRAX.

Methods
Study population

The analysis population comprised participants from the pivotal
global, phase 3, multicentre, double-blind, calcium- and vitamin
D-controlled, randomised study of teriparatide, the methods of
which have been published previously [3, 4]. The study was
undertaken with full IRB approval and all participants gave their
written informed consent. A total of 9347 ambulatory postmen-
opausal women were screened for the study, and of these 1637
eligible women were randomly assigned to receive placebo (544
women) or teriparatide (recombinant parathyroid hormone, 1—
34) at a dose of 20 ug per day (541 women) or 40 pg per day
(552 women). The mean (£SD) durations of treatment in the
three groups were 1845, 18+6 and 1746 months, respectively.
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FRAX

For the purpose of the present analysis, country-specific 10-
year fracture probability was used to determine whether abso-
lute and relative risk reductions for fracture outcomes changed
as a function of baseline FRAX score. The whole continuous
range of 10-year probabilities was used, thereby optimising
the statistical power by avoiding subgroup analysis. Baseline
risk factors, as characterised below, were combined with age
and BMI to compute the 10-year probability of a major oste-
oporotic fracture. Femoral neck BMD was also measured at
entry. Using FRAX version 3.8 (www.shef.ac.uk/FRAX), the
10-year probability of a major osteoporotic fracture constitut-
ed the primary risk variable. Femoral neck BMD was included
in the model for the primary analysis; additionally probabili-
ties were computed without the use of BMD. In a supplemen-
tary analysis, the interaction of efficacy with hip fracture prob-
ability was examined.

Characterisation of risk factors
Previous fracture

A history of a previous morphometric vertebral fracture of any
grade was reported in 1412 patients. Information on other
previous fractures was not available. Previous vertebral frac-
ture was assessed from lateral X-rays of the thoracic and lum-
bar spine by semi-quantitative (SQ) visual assessment of each
vertebra, from T4 to L4 [13, 14]. The database provided the
maximum SQ grade of each enrolled patient. For example, the
allocation of a score of 2 indicated that at least one moderate
fracture was detected at screening. Maximum scores were
given as 0, 1, 2 or 3. The presence of a mild vertebral fracture
has been shown to be of no significant prognostic value for
non-vertebral fracture outcomes [15]. Although this was also
true in the current study, mild vertebral fracture at baseline was
associated with a three to fourfold increased risk of incident
vertebral fracture, albeit the relationship not achieving statis-
tical significance (p=0.079). Moderate or severe vertebral
fractures at baseline were associated with a significant (p=
0.012) and much higher relative risk, approximately sixfold.
In contrast, the risk of non-vertebral fractures was not signif-
icantly increased irrespective of the grade of vertebral fracture.
However, for both mild and moderate/severe grades, the point
estimates were above unity, and thus, mild vertebral fracture
was retained as an input risk factor for the computation of
FRAX probabilities.

Glucocorticoid use and rheumatoid arthritis
Participants were categorised as users/non-users of glucocor-

ticoids (users: n=64), and three participants were recorded as
having a diagnosis of rheumatoid arthritis.
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Parental history of hip fracture

No information was available from the dataset and this vari-
able was set as “no” for all women.

Secondary osteoporosis

The following conditions were considered as secondary
causes of osteoporosis: premature menopause (n=360 pa-
tients), hyperthyroidism (n=4), diabetes mellitus (n=2) and
hepatitis (n=33).

Smoking and alcohol intake

Two hundred seventy-nine participants were current smokers
and alcohol intake was classified as nil, or 3 units or more per
day (n=5). Alcohol abuse was an exclusion criterion.

Femoral neck BMD

This was measured using equipment from three different man-
ufacturers. After standardisation [16], BMD T-score was cal-
culated using the National Health and Nutrition Examination
Survey (NHANES) III young women as a reference value
[17].

Country specificity

Probabilities were computed according to the country where
the patient was recruited for study using FRAX version 3.8.
Where a country was not represented (because of the lack of
epidemiological data), a surrogate was chosen. The FRAX®
models used comprised: Argentina (n=179), Australia (n=
22), Austria (n=17), Belgium (n=44), Canada (n=118),
Czech Republic (n=43), Denmark (n=90), Finland (n=146),
Hungary (n=100), Israel (n=50), Italy (n=59), New Zealand
(n=16), Norway (n=162), Poland (n=137), Sweden (n=47),
The Netherlands (n=42), and the US, by ethnicity [Asian (n=
1), Black (n=1)], Caucasian (n=349), Hispanic (n=14)]. The
Lebanese FRAX model was used for Israel as a country-
specific model is not currently available.

Fracture outcomes

The documented fractures comprised morphometric vertebral
fractures and non-vertebral fractures (validated by radiograph
or radiographic report, with the non-vertebral category com-
prising any non-vertebral fracture). The summary effects of
teriparatide (20 and 40 pg together) on morphometric verte-
bral fractures alone and on all non-vertebral fractures were
studied. In an additional analysis, the effects of teriparatide
on non-vertebral fractures that were coded as being associated
with low-energy injury were also examined.

Statistical methods

The general approach of the present analysis was to apply
models to the entire study population (patients randomised to
teriparatide 20 or 40 pg daily or placebo) to assess the efficacy
of teriparatide in relation to 10-year probability of fracture. Be-
cause there was no difference in effect of 20 and 40 pg
teriparatide daily [3], illustrated in supplementary table 1, the
two active groups were merged in order to maximise the power
of the analytic approach. Follow-up was stopped when a fracture
occurred at the relevant site. For the overall effects of teriparatide
(20 and 40 pg together) on fracture outcomes an extension of
Poisson regression model was used [18]. In contrast to logistic
regression, the Poisson regression utilises the length of each
individual’s follow-up period and the hazard function is assumed
to be exp(Bo+f; - time from baseline + 3, - current age+ 33 -
current variable of interest). The observation period of each par-
ticipant was divided in intervals of 1 month. For each outcome,
one fracture per person was counted.

Poisson regression model A:

1. constant, 2. current time, 3. current age, 4. treatment
(teriparatide 20 and 40 pg versus placebo, where
1=teriparatide and O=placebo)

The interaction between treatment and 10 year
probability was examined with the following
model.

Poisson regression model B:

1. constant, 2. current time, 3. current age, 4. treat-
ment (teriparatide 20 and 40 pg versus placebo),
5. 10 year probability, 6. treatment x 10 year prob-
ability

Two-sided p value were used for all analyses
and p<0.05 considered to be significant.

Results
Clinical risk factors

A total number of 1637 women were studied of whom 1537
[mean (SD) age 69.5 (7.0 years] had information on the clin-
ical risk factors (Table 1). Of these, 1476 had additional infor-
mation on femoral neck BMD. Only nine hip fractures oc-
curred, so hip fracture was not separately assessed in relation
to FRAX. One hundred five patients experienced a new ver-
tebral fracture identified by vertebral morphometry, and 119
patients sustained one or more non-vertebral fracture. Table 1
also summarises the FRAX 10-year probability of a major
osteoporotic fracture (clinical spine, hip, forearm and humerus
fracture) and hip fracture with and without BMD. The maxi-
mum follow-up time to any non-vertebral fracture was
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Table 1  Baseline characteristics of participants

Variable All evaluable women, n=1537 Evaluable women with a BMD test, n=1476
n (%) Mean SD  Range n (%) Mean SD Range

Age (years) 695 7.0 42-86 69.5 6.9 42-86

BMI (kg/m?) 26.6 44 12-51 26.5 43 12-51

Previous fracture 1388 (90) 1332 (90)

Parental history Not reported Not reported

Current smoker 261 (17) 250 (17)

Glucocorticoids 57 (4) 56 (4)

RA 3(0) 3(0)

Secondary osteoporosis 366 (24) 352 (24)

Alcohol 4(0) 4 (0)

Femoral neck BMD T-score 24 0.8 —4.9-0.9

FRAX probability of major osteoporotic fracture 193 100 1.3-65.6 19.4* 9.9% 2.2-67.2°

FRAX probability of hip fracture 7.5 64 0.1-554 7.6 7.0 0.2-53.2%

# Including BMD in FRAX assessment

2.1 years with a mean of 1.5 years. For morphometric verte-
bral fracture the maximum follow-up was 2.4 years with mean
of 1.7 years.

Overall effects of treatment

Overall, teriparatide treatment was associated with a sta-
tistically significant 66 % decrease in morphometric ver-
tebral fractures (HR=0.34; 95 % CI 0.23-0.50). For any
non-vertebral fractures, teriparatide treatment based on
the pooled doses was associated with a significant
37 % decrease in fractures (Table 2).

Interaction between treatment and fracture probability

Probability of a major osteoporotic fracture calculated
with BMD

Table 3 shows the effects of teriparatide treatment at different
percentiles of FRAX probabilities for a major osteoporotic
fracture calculated with BMD (n=1476). Note that the model
uses probability as a continuous function, and the percentiles
shown are for illustrative purposes only. Teriparatide reduced
morphometric vertebral fractures across the full range of base-
line probabilities. For non-vertebral fractures, there was a non-

significant trend for a slightly greater reduction in risk at
higher baseline probabilities but there was no interaction be-
tween FRAX probability and treatment efficacy for either
fracture outcome (p>0.30 for both). The efficacy of
teriparatide on morphometric vertebral fracture and non-
vertebral fracture risk over the range of probabilities estimated
with BMD is shown in Figs. 1 and 2, respectively.

Probability of a major osteoporotic fracture calculated
without BMD

Table 4 shows the effects of teriparatide at different percentiles
of FRAX probabilities for a major osteoporotic fracture cal-
culated without BMD. Again, the percentiles shown are for
illustrative purposes as the model uses the continuous distri-
bution of baseline probabilities. There was no statistically sig-
nificant interaction between FRAX probability and the effica-
¢y (p>0.30 for non-vertebral fracture outcome and p=0.061
for vertebral fracture outcome). For non-vertebral fracture out-
comes the point estimates at each percentile of probability
were near identical to those computed with BMD in the mod-
el. For vertebral fracture, treatment was again effective across
the full range of baseline probabilities though there was a
trend, albeit not achieving statistical significance, for efficacy
to be greater at lower fracture probabilities when BMD was

Table 2 Overall effects of PTH
on fracture outcomes

Outcome n with fracture Total n HR 95 % CI

Morphometric vertebral fracture 105 1326 0.34 0.23-0.50
Any non-vertebral fracture 119 1637 0.63 0.44-0.90
Low-energy non-vertebral fracture 58 1637 0.44 0.25-0.76
Hip fracture 9 1637 0.60 0.16-2.24
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Table3  Hazard ratio between treatments (teriparatide versus placebo) for all fractures at different values of 10-year probability of a major osteoporotic

fracture calculated with BMD

Percentile 10 year probability Morphometric vertebral fracture Any non-vertebral fracture Low-energy non-vertebral fracture
HR 95 % CI HR 95 % CI HR 95 % CI

10th 8.5 % 0.26 0.14-0.50 0.68 0.37-1.23 0.47 0.20-1.12

25th 12.2 % 0.27 0.16-0.47 0.65 0.39-1.09 0.46 0.22-0.96

50th 17.6 % 0.29 0.19-0.45 0.62 0.41-0.94 0.45 0.25-0.81

75th 244 % 0.31 0.20-0.47 0.59 0.40-0.87 0.43 0.25-0.76

90th 32.6 % 0.34 0.19-0.60 0.55 0.32-0.93 0.41 0.19-0.87

not included in the FRAX model (Fig. 3). This phenomenon
was attributable to a significant interaction between age and
efficacy (p=0.037) for the outcome of morphometric vertebral
fracture (HR=0.15; 95 % CI 0.06-0.36 for the age of 60 and
HR=0.40; 95 % CI 0.26-0.61 for the age of 75 years).

FRAX hip fracture probability and low-energy fractures

Similar findings were apparent when baseline probability of hip
fracture was used instead of the probability of major osteopo-
rotic fracture, summarised in supplementary tables 2 and 3.
There were 58 patients in whom non-vertebral fractures were
characterised as low-energy fractures. Teriparatide treatment
was associated with a significant decrease in non-vertebral frac-
ture risk (HR=0.44; 95 % CI 0.25-0.76) in these patients. The
quantum of effect was somewhat greater than the effect of
teriparatide on all non-vertebral fractures (HR=0.63; 95 % CI
0.44-0.90). Supplementary table 4 shows the effects of

HR: morphometric vertebral fracture

1.0

0.8

0.6

0.4

0.2

0 | | | | ! !
10 15 20 25 30 35

10-year fracture probability (%)

Fig. 1 Hazard ratio (HR) between treatments (teriparatide versus place-
bo) for morphometric vertebral fractures according to baseline 10-year
probability of a major osteoporotic fracture calculated with inclusion of
BMD

teriparatide on this fracture outcome at different percentiles of
FRAX probabilities for a major osteoporotic fracture calculated
with BMD. There was no interaction between FRAX probabil-
ity and the efficacy (»p>0.30) for non-vertebral fracture
outcomes.

Discussion

The present study demonstrated the ability of teriparatide
treatment to reduce non-vertebral, low-energy non-vertebral
and morphometric vertebral fracture risk with relative risk
reductions (37, 56 and 66 %, respectively) comparable to
those reported previously [3]. However, the current analysis
found no evidence of a significant interaction between base-
line fracture probability and treatment efficacy. These findings
suggest that the therapy may be usefully employed across the
whole range of fracture probability reported in this study, and

HR: non-vertebral fracture

0.2

0 | | | | | |
10 15 20 25 30 35
10-year fracture probability (%)

Fig. 2 Hazard ratio (HR) between treatments (teriparatide versus
placebo) for non-vertebral fracture according to baseline 10-year
probability of a major osteoporotic fracture calculated with inclusion of
BMD
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Table 4 Hazard ratio between treatments (PTH versus placebo) for all fractures at different values of 10 year probability of a major osteoporotic

fracture calculated without BMD

Percentile 10 year probability =~ Morphometric vertebral fracture Any non-vertebral fracture Low-energy non-vertebral fracture
HR 95 % CI HR 95 % CI HR 95 % CI

10th 7.9 % 0.20 0.10-0.38 0.70 0.39-1.29 0.49 0.21-1.18

25th 11.8 % 0.23 0.13-0.40 0.68 0.41-1.12 0.49 0.23-1.01

50th 17.3 % 0.28 0.18-0.44 0.65 0.43-0.96 0.47 0.26-0.85

75th 252 % 0.37 0.24-0.58 0.60 0.40-0.90 0.46 0.26-0.81

90th 33.5% 0.50 0.27-0.94 0.55 0.31-0.99 0.44 0.20-0.96

that baseline fracture probability alone may not constitute a
valid criterion on which to stratify the use of this medication.

The findings from the present analysis are similar to those
described for raloxifene [11, 19] and strontium ranelate [12]
but contrast with retrospective assessments of two other phase
IIT studies. The first of these was a 3-year prospective,
randomised, placebo-controlled trial of oral clodronate in el-
derly women, identified from general practise registers. A
marked trend for a greater fracture reduction at higher fracture
probabilities was observed, with or without the use of BMD.
The interaction was statistically significant when BMD was
excluded from the probability calculation [8] and efficacy was
evident at fracture probabilities that exceeded 20 %. These
data are very similar to the results of a second study in which
there was a significant effect of bazedoxifene on clinical frac-
tures with fracture probabilities that exceeded 17 % [9]. More
recently, similar findings were reported from a pre-planned

HR: morphometric vertebral fracture

1.2

1.0 f

0.8

04

0.2 +

0 1 1 1 1 1
10 15 20 25 30 35

10-year fracture probability (%)

Fig. 3 Hazard ratio (HR) between treatments (teriparatide versus place-
bo) for morphometric vertebral fractures according to baseline 10-year
probability of a major osteoporotic fracture calculated without inclusion
of BMD
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analysis of denosumab [10]. The contrasting effects of
teriparatide and bazedoxifene are shown in Fig. 4.

A possible explanation for the lack of a relationship be-
tween the anti-fracture efficacy of teriparatide and the proba-
bility of fractures might relate to the relative absence of low
risk subjects within this population, with the participants hav-
ing relatively high pre hoc fracture probabilities; only 17 %
(without BMD) and 15 % (with BMD) had a FRAX proba-
bility <10 %. It is possible, therefore, that any attenuation of
efficacy with low fracture probabilities might not have been
observed. The mean 10-year probability of a major fracture
computed with BMD in the FRAX model was 19 % in the
present study and 21 % in the study of raloxifene [11] (in
which no probability-efficacy interaction was observed), but
only 10.9 % in patients studied with bazedoxifene [9] (in
which an interaction was found), observations which would
be consistent with this hypothesis. However, in women par-
ticipating in the clodronate study (in which a fracture
probability-treatment efficacy interaction was identified) the

HR
1.5
Bazedoxifene Teriparatide
1.0
0.5 | [ { {
0.0
10th 90th 10th 90th

Fig. 4 Hazard ratio (HR) between treatments (bazedoxifene versus pla-
cebo) for morphometric vertebral fractures according to baseline 10-year
probability of a major osteoporotic fracture calculated with inclusion of
BMD (left 2 panels). Baseline probability was set at the 10th and 90th
percentile of fracture probability. The two right hand panels show the
equivalent hazard ratios for teriparatide
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mean 10-year probability was 18 %, a value much closer to
that of the present study (but with a wider range of probabil-
ities). It will be important to assess further phase three studies
in order to shed light on these disparate findings. Another
possibility is that risk factors competed in their interaction
with efficacy. For example, if advancing age were associated
with lower efficacy, whereas low BMD were associated with
increased efficacy, these effects would mask any overall inter-
action between effectiveness and fracture probability. Indeed,
in this study, efficacy tended to be greater in younger individ-
uals who, by virtue of age, have lower fracture probabilities. A
similar finding has been reported with the use of teriparatide
given weekly [20].

There are a number of limitations to this study, which
should be considered in the interpretation of these findings.
Firstly, the outcome measures were confined to morphometric
vertebral and non-vertebral fractures, together with low-
energy non-vertebral fractures. Other outcomes of possible
interest, such as hip fracture alone, clinical vertebral fractures,
and all clinical fractures were not able to be assessed due to
low numbers (hip fracture) or lack of documentation (clinical
vertebral fractures). However, although it is uncertain whether
the same relationship between efficacy and fracture probabil-
ity would be observed with the inclusion of other fracture
outcomes, the similar lack of interaction for both non-
vertebral and morphometric vertebral fracture would suggest
that differences are unlikely. Secondly, data were not available
for parental history of hip fracture and prior non-vertebral
fracture. Although the omission of these data may have led
to modest underestimation of baseline fracture probability
across the whole study, there is no reason to believe that these
attributes would be more frequently present in treatment or
placebo groups following randomisation. Finally, the proba-
bility of a major osteoporotic fracture rather than hip fracture
was employed as the index of fracture risk, since the former
more closely related to the outcome variable. However a sup-
plementary analysis using hip fracture probability gave almost
identical results, thus validating this approach. Furthermore,
the findings persisted when BMD was omitted from the
FRAX calculation.

In conclusion, this post hoc analysis of pivotal trial data,
whilst demonstrating benefits for reduction of non-vertebral,
low-energy non-vertebral and morphometric vertebral frac-
tures consistent with the original study, found no evidence of
an interaction between treatment efficacy and baseline 10-year
fracture probability derived from FRAX. These data suggest,
therefore, that the efficacy of teriparatide for reduction of mor-
phometric vertebral fractures and non-vertebral fractures, in-
cluding those low-energy fractures, is comparable over a
broad range of FRAX probabilities, and that stratification of
patients by fracture probability is unlikely to provide addition-
al benefits over current approaches to allocation of teriparatide
treatment.
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