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Abstract
Purpose Using data from the 2-year, randomized, double-dummy VERO trial, we examined the changes in 25-hydroxy-vitamin
D (25[OH]D) concentrations over time, and whether the fracture risk reduction of teriparatide versus risedronate varies by
baseline 25(OH)D sufficiency category.
Methods Postmenopausal women with established osteoporosis received subcutaneous daily teriparatide 20 pg or oral weekly
risedronate 35 mg, with concomitant 500-1000 mg of elemental calcium and 400-800 IU/day of vitamin D supplements.
Fracture endpoints were analyzed by predefined subgroups of 25(OH)D insufficient and sufficient patients. Heterogeneity of
the treatment effect on fractures was investigated by logistic and Cox proportional hazards regression models.
Results At baseline, mean serum 25(OH)D was 31.9 ng/mL in the teriparatide group and 31.5 ng/mL in the risedronate group,
and 16.8% and 17.9% of patients, respectively, were 25(OH)D insufficient. At month 6, the mean serum 25(OH)D concentration
decreased in teriparatide-treated patients to 24.5 ng/mL (by approximately 23%) but remained relatively constant in risedronate-
treated patients (32.2 ng/mL) (p <0.001). Proportions of 25(OH)D insufficient patients at month 6 were 26.7% and 5.6%,
respectively (p < 0.001). The risk reduction with teriparatide versus risedronate for any of the fracture endpoints did not signif-
icantly differ between subgroups by 25(OH)D sufficiency status at baseline, with nonsignificant (p > 0.1) treatment-by-25(OH)D
interactions in all fracture analyses.
Conclusions Serum 25(OH)D concentration decreases during teriparatide treatment. Fracture risk reduction with teriparatide
versus risedronate did not significantly differ between the two groups of patients defined by baseline 25(OH)D.
Trial registration ClinicalTrials.gov Identifier: NCT01709110
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Introduction

The VERO (vertebral fracture treatment comparisons in oste-
oporotic women) trial was the first active-controlled, double-
dummy, fracture endpoint study in postmenopausal women
with established osteoporosis designed to compare the effects
of the bone-forming drug teriparatide with those of the anti-
resorptive risedronate on fracture risk as the primary study
outcome [1]. Compared with risedronate-treated patients,
teriparatide-treated patients of the VERO trial showed a 56%
reduction in the risk of new morphometric vertebral fractures
(p<0.001), a 52% reduction in the risk of clinical fractures
(clinical vertebral and non-vertebral fragility fractures;
p<0.001), and a 34% non-significant reduction in the risk
of non-vertebral fragility fractures (p =0.1). A predefined
analysis of nine clinically relevant subgroups of the VERO
trial revealed no evidence of heterogeneity of the treatment
effect on fracture endpoints across the examined subgroups
[2].

A previous analysis of the pivotal teriparatide, placebo-
controlled “Fracture Prevention Trial,” showed a high fre-
quency of low 25-hydroxy-vitamin D (25[OH]D) levels in
teriparatide-treated patients associated with normal or elevated
concentrations of 1,25-dihydroxy-vitamin D (1,25[OH]2D)
[3, 4]. There were no significant differences in the incidence
of vertebral and non-vertebral fractures by baseline 25(OH)D
concentrations in that study [3]. However, based on a retro-
spective study of 48 women with established osteoporosis
treated with teriparatide who had previously received long-
term therapy with bisphosphonates, Mok et al. suggested that
the vitamin D status may influence the early anabolic effects
of'teriparatide evaluated by procollagen type 1 amino-terminal
propeptide (P1NP) changes [5].

We examined the serum 25(OH)D status and its impact on
the fracture incidence in the VERO trial by conducting a
predefined subgroup analysis of the study’s primary and key
secondary fracture endpoints by subgroups of postmenopaus-
al women with 25(OH)D sufficiency versus those with insuf-
ficiency at screening.

Methods
Study design

The VERO trial was an international, multicenter, random-
ized, double-blind, active-controlled, parallel-group,
24 months trial [1]. It included ambulatory postmenopausal
women over 45 years of age with a bone mineral density T-
score <— 1.5 standard deviations (SDs) at the femoral neck,
total hip, or lumbar spine, and with radiographic evidence of
at least two moderate or one severe prevalent vertebral fragil-
ity fracture according to the classification of Genant et al. [6].
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Patients with serum 25(OH)D levels < 9.2 ng/mL (23 nmol/L)
were excluded from the study, as well as patients with abnor-
mally elevated values of serum intact parathyroid hormone
(PTH) (1-84) at baseline defined as >72 pg/mL (or >
7.6 pmol/L) and significantly impaired renal function as de-
fined by a calculated endogenous creatinine clearance of <
30 mL/min/m?. Further study entry criteria details have been
reported by Kendler et al. [1].

A total of 1360 women were randomly assigned in a 1:1
ratio to receive either injectable subcutaneous teriparatide
20 pg daily plus an oral weekly placebo, or oral risedronate
35 mg weekly plus injectable subcutaneous daily placebo for
up to 24 months.

Starting at the screening visit, all patients were to take
approximately 500—-1000 mg/day elemental calcium, depend-
ing on the dietary calcium intake as determined by the inves-
tigator, and approximately 400-800 IU/day of vitamin D
throughout the entire duration of the study. The sponsor pro-
vided the calcium and vitamin D supplements to the study
sites, but the brands varied across the different countries, be-
cause locally available, widely used preparations were pre-
ferred. Colecalciferol was the most frequently used vitamin
D supplement metabolite (73.9% of the patients). Serum
25(0OH)D levels were measured in all patients at screening,
visit 3 (month 3), and visit 4 (month 6). The 25(OH)D con-
centration was evaluated by chemiluminescence immunoas-
say (DiaSorin LIAISON®). The intra-assay precision for the
assay was 2.9 to 5.5% coefficient of variation (CV), and the
inter-assay precision was 6.3 to 12.9% CV.

Statistical analysis

As defined in the statistical analysis plan for the VERO study
[1], the treatment effect on fracture endpoints was evaluated
for the subgroup of patients with 25(OH)D insufficiency (>
9.2 to <20 ng/mL [>23 to <50 nmol/L]) and those with
25(0OH)D sufficiency (>20 ng/mL [>50 nmol/L]) at baseline
[7, 8], to examine if the treatment effect differs across these
subgroups and to determine whether baseline 25(OH)D acts as
a treatment effect modifier. This exploratory subgroup analy-
sis was done for the primary and the key secondary fracture
endpoints as defined in the statistical analysis plan of the study
that was approved before study unblinding [1].

For the subgroup analysis of morphometric (radiographic)
vertebral fracture endpoints, a logistic regression adjusted by
treatment, baseline 25(OH)D category, treatment-by-baseline
25(OH)D category interaction, and the two stratification fac-
tors used at randomization (i.c., the antecedent of recent clin-
ical vertebral fracture, and recent bisphosphonate use) was
fitted. The modified full analysis set (mFAS) that included
all randomized and treated patients with a baseline and at least
one post-baseline spinal radiograph evaluable to assess the
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vertebral fracture status at 24 months was used for these
analyses.

The fracture endpoints within subgroups by baseline
25(0OH)D category were analyzed using the same statistical
methods as applied in the analysis of the VERO trial [1, 2].
Cochran-Mantel-Haenszel tests adjusted for the two stratifica-
tion factors were employed to estimate the overall treatment
effect between teriparatide and risedronate.

Subgroup analyses of non-vertebral and/or clinical verte-
bral fracture endpoints were done using a Cox proportional
hazards regression model with the same covariates as speci-
fied above. The full analysis set (FAS) that included all ran-
domized patients who received at least one dose of investiga-
tional product was used. The treatment-by-baseline 25(OH)D
category interaction effect was tested at the significance level
0f0.1. The risk ratios (for morphometric vertebral fractures) or
the hazard ratios (for clinical fractures) with the associated
95% confidence intervals (CIs) and p values for teriparatide
versus risedronate were presented in forest plots for each base-
line 25(OH)D category and overall.

Serum 25(OH)D concentrations, the number of patients
with 25(OH)D insufficiency, the daily dose of vitamin D,
and the number of patients with supplemental vitamin D dose
of 2000 [U/day were descriptively summarized by time point,
as applicable. Mean serum 25(OH)D concentrations were
compared between treatment groups using a mixed model
for repeated measures, the number of patients with 25(OH)D
insufficiency using Pearson chi-square test, and the mean and
median daily vitamin D dose using # test and Wilcoxon rank
sum test, respectively.

Results

In the VERO study, a total of 1360 patients were randomized
and treated, 680 in each treatment group; 74.2% of patients
overall completed the 24-month trial. Baseline demographics
and clinical characteristics were similar between treatment
groups as reported previously [1]. The overall patient popula-
tion mean age was 72.1 years (range 45 to 93 years) and mean
body mass index 27.0 kg/m? (SD 4.6 kg/m?). At baseline, the
mean (SD) serum 25(OH)D level was 31.9 (26.4) ng/mL in
the teriparatide group and 31.5 (19.1) ng/mL in the risedronate
group (Table 1); 114 patients (16.8%) in the teriparatide group
compared with 119 (17.9%) in the risedronate group were
25(0OH)D insufficient (serum 25(OH)D >9.2 and <20 ng/
mL).

Serum 25-hydroxy-vitamin D concentration
and vitamin D supplement dose

After 3 and 6 months of study drug treatment and concomitant
vitamin D supplementation, mean serum 25(OH)D

concentrations had decreased in the teriparatide group but
remained relatively constant in the risedronate group. At
month 6, the mean (SD) serum 25(OH)D concentration was
24.5 (7.9) ng/mL in the teriparatide group compared with 32.2
(10.4) ng/mL in the risedronate group (p <0.001 each at
months 3 and 6; Table 1). At the same time, the number of
patients with 25(OH)D insufficiency increased in the
teriparatide group, to 153/572 patients (26.7%) at month 6,
whereas it decreased in the risedronate group, to 33/591
(5.6%) at month 6 (p<0.001 each at months 3 and 6;
Table 1). Similarly, the proportion of patients with a shift from
25(0OH)D sufficiency at baseline to insufficiency during the
study was higher in the teriparatide group (19.0% at month 3
and 15.6% at month 6) than in the risedronate group (1.8%
and 1.5%, respectively). Conversely, the proportions of pa-
tients with a shift from 25(OH)D insufficiency at baseline to
sufficiency at the month 6 visit were 8.2% for patients receiv-
ing teriparatide and 12.1% for those receiving risedronate.
Forty-two patients (6.2%) in the teriparatide group and 22
patients (3.2%) in the risedronate group remained 25(OH)D
insufficient from baseline to the month 6 visit.

Slightly more teriparatide-treated patients (22 [3.2%]) than
risedronate-treated patients (16 [2.4%]) took a supplemental
dose of 2000 IU/day vitamin D starting at screening due to
25(OH)D insufficiency at screening (p = 0.324; Table 1). The
mean (SD) daily dose of vitamin D was significantly
(p <0.001) higher in the teriparatide group (1408.4 [709.64]
[U/day; median 1380.4 [U/day) than in the risedronate group
(1206.4 [698.96] 1U/day; median 900.0 IU/day).

Fracture risk reduction by baseline
25-hydroxy-vitamin D category

The risk reduction with teriparatide for new vertebral fractures
did not significantly differ between patients with 25(OH)D
sufficiency at baseline and those with 25(OH)D insufficiency.
The risk ratio (95% CI) for the treatment comparison was 0.40
(0.25, 0.65) in patients with 25(OH)D sufficiency and 0.63
(0.24, 1.66) in patients with 25(OH)D insufficiency, leading
to a non-significant (p >0.1) treatment-by-baseline 25(OH)D
category interaction (Fig. 1a).

Results for key secondary fracture endpoints were similar
to those for the primary fracture endpoint. There was no indi-
cation that the 25(OH)D status at baseline significantly mod-
ified the fracture risk reduction of teriparatide versus
risedronate, with all treatment-by-baseline 25(OH)D status
interactions being non-significant for all the secondary frac-
ture endpoints analyzed (p >0.1) (Fig. 1b—e).

Generally, within the larger subgroup of patients with base-
line 25(OH)D sufficiency, results were similar to those report-
ed for the overall population [1], with a statistically significant
fracture risk reduction with teriparatide versus risedronate for
new vertebral fractures, pooled new and worsened vertebral
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Table 1 Baseline characteristics, vitamin D dose, and serum 25-hydroxy-vitamin D levels (full analysis set)

Characteristics Teriparatide (N=680)  Risedronate (N=680) p value
Age, mean (SD) 72.6 (8.8) 71.6 (8.6) -
Body mass index

Number of patients with available data 678 678

Mean (SD) 26.9 (4.6) 27.1 (4.6) -
Daily dose of vitamin D (IU/day)

Number of patients with dose available 677 676

Mean (SD) 1408.4 (709.64) 1206.4 (698.96) <0.001*
Median (Q1, Q3) 1380.4 (800.0, 1796.0)  900.0 (800.0, 1602.4)  <0.001°
Patients with supplemental vitamin D dose of 2000 [U/day starting at screening®, n (%) 22 (3.2) 16 (2.4) 0.324¢
Serum 25(OH)D concentrations, ng/mL, mean (SD)

Baseline 31.9 (26.4) 31.5(19.1)

Month 3 23.8(7.7) 31.9 (9.8) <0.001°
Month 6 24.5(7.9) 32.2(10.4) <0.001°
Patients with serum 25(OH)D >9.2 and <20 ng/mL, n/N (%)

Baseline 114/680 (16.8) 119/678 (17.6)

Month 3 182/604 (30.1) 42/613 (6.9) <0.001¢
Month 6 153/572 (26.7) 33/591 (5.6) <0.001¢

To convert ng/mL to nmol/L for serum 25(OH)D concentrations, multiply by 2.5

25(0OH)D 25-hydroxy-vitamin D, N total number of patients available, » number of patients in the specified category, /U international units, O/ first

quartile, Q3 third quartile, SD standard deviation
? p value from t test

® p value from Wilcoxon rank sum test

¢ As aresult of a late protocol amendment when most study patients had already been randomized, patients with 25(OH)D concentration between 9.2 and
<20 ng/mL (23 to <50 nmol/L) at screening were to be given a supplemental dose of vitamin D of 2000 [U/day

4 p value from Pearson chi-squared test

¢ p value from a mixed model for repeated measures

fractures, and clinical fractures (Fig. la—c). In addition, the
between-treatment difference for major non-vertebral frac-
tures became statistically significant in favor of teriparatide
(Fig. 1e). The sample size of the subgroup of patients with
baseline 25(OH)D insufficiency was too small to show any
significant treatment effect on fracture reduction.

Discussion

Our results from the VERO study confirm previously reported
findings that treatment with teriparatide decreases the serum
concentrations of the vitamin D metabolite 25(OH)D [4, 9].
After 3 and 6 months of study treatment, mean serum
25(0OH)D concentrations were statistically significantly lower
and proportions of patients with 25(OH)D insufficiency (se-
rum 25(OH)D >9.2 and <20 ng/mL) significantly higher in
the teriparatide group than in the risedronate group, despite a
higher mean daily dose of concomitant vitamin D supple-
ments in teriparatide-treated patients. Cosman et al. suggested
that due to the mechanism of action of teriparatide, i.e., the
stimulation of 1 x-hydroxylase, the conversion of 25(OH)D to

@ Springer

the main biologically active metabolite 1,25(0OH)2D is in-
creased, resulting in a decrease of serum 25(OH)D but an
increase of 1,25(OH)2D [4]. An alternative hypothesis for
the reduction in 25(OH)D, not supported by data, is that it
may be related to increases in fibroblast growth factor-23
(FGF-23) which has been shown to increase following treat-
ment with teriparatide [10]. FGF-23 is a phosphaturic factor
which also increases the degradation of 25(OH)D through 24-
hydroxylation [11]. Finally, another potential but unproven
explanation is that the increase in 1,25(OH)2D after
teriparatide administration induces the CYP24 A1 enzyme that
catabolizes 25(OH)D to 24,25-dihydroxyvitamin D [12].
Recent studies suggest that assessing vitamin D status based
on concentrations of 25(OH)D alone may be suboptimal to
evaluate bone health [12]. It is unclear how well the serum
concentration of 25(OH)D reflects the downstream effects of
vitamin D receptor signaling in response to 1,25(OH)2D bind-
ing, as 25(OH)D may be activated, catabolized, or remain in an
inactive form. Furthermore, assays for 25(OH)D are affected by
concentration of vitamin D binding protein, which can vary
between individuals, and may not reflect bioavailable
25(0OH)D [13]. In fact, studies evaluating the relationship
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Fig. 1 Fracture risk reduction by

a New Vertebral Fractures (mFAS)

25-hydroxy-vitamin D baseline Teriparatide Risedronate Interaction Risk Ratio
category. CI confidence interval, Subgroup NN (%) niN (%) pvalue 195% CI}
FAS full analysis set, mFAS mod- Baseline Vitamin-D
ified full analysis set, N total

. . Overall —r— 0.42 0.51[0.30, 0.86]
number of patients available, n
number of patients in the speci-

. — *

fied category. *p <0.001; #p = sufficient 201427 (52) 541443 (12.2) - 0.40 [0.25, 0.65]
0.08. Notes: The mFAS included
all randomized and treated pa-
tients with a baseline and post- insufficient 6/89 (6.7) 10/90 (11.1) 0.63 [0.24, 1.66]
baseline spinal radiograph
evaluable after 24 months. The Overall VERO population 28/516 (5.4) 64/533 (12.0) —~— 0.440.29, 0.68]
cumulative percentages are based LI — L —

on Kaplan-Meier analysis. Major
non-vertebral fractures included
hip, radius, humerus, ribs, pelvis,
tibia, and femur (excluding path-
ologic fractures). For additional

001 04 0.8 1.2 1.6
Risk Ratio

b Pooled New and Worsened Vertebral Fractures (nFAS)

g L. Teriparatide Risedronate Interaction Risk Ratio
details on fracture definitions, see Subgroup NN (%) nIN (%) p value [95% CI]
Kendler etal. [1]. a New vertebral T——
fractures (mFAS). b Pooled new
and worsened vertebral fractures Overall —— 0.59 0.49[0.29, 0.83]
(mFAS). ¢ Clinical fractures
(FAS). d Non-vertebral fragility . *
fractures (FAS). e Major non- sufficient 25/427 (5.9) 58/443 (13.1) —— 0.43[0.27, 0.66]
vertebral fragility fractures (FAS)

insufficient 6/89 (6.7) 11/90 (12.2) 0.57 [0.22, 1.46]
Overall VERO population 31/516 (6.0) 69/533 (12.9) g 0.46 [0.30, 0.68]
T T T T T T T 1
0.01 0.4 0.8 1.2 1.6
Risk Ratio
¢ Clinical Fractures (FAS)
Teriparatide Risedronate Interaction Hazard Ratio
Subgroup nIN (%) niN (%) p value [95% CI]
Baseline Vitamin-D
Overall - 042  0.56[0.32, 1.00]
sufficient 24/566 (4.7)  52/559 (10.2) —— 0450.27,072)
insufficient 6/114 (5.6) 9/119 ( 8.4) 0.71[0.25, 2.01]
Overall VERO population 30/680 (4.8) 61/680 (9.8) —— 0.48 [0.32, 0.74]
) T T T T T T 1

between 25(OH)D and bone density and fractures show mixed
findings. Low 25(OH)D levels have been linked to the inci-
dence of fractures in women in some studies [8, 14, 15], but
not all [16—18]. For the most part, an increased fracture risk was
observed with hip fractures and results were less consistent for
non-hip fractures [19]. Although directly measuring
1,25(0OH)2D, the active vitamin D hormone seems an appealing
alternative, it has a lot of limitations and is currently not recom-
mended. Circulating concentrations of 1,25(OH)2D are approx-
imately 1000-fold lower than those of 25(OH)D [12].
Therefore, assays require significantly more serum, and extrac-
tion steps are required to account for interfering compounds.

001 04 0.8 1.2 1.6

Hazard Ratio

Moreover, 1,25(OH)2D has a half-life of only a few hours
compared to weeks for 25(OH)D; thus, 1,25(OH)2D values
are affected by renal function and may vary significantly from
measurement to measurement [20].

Our findings in the VERO study support the limited value
of baseline 25(OH)D to predict the fracture efficacy of
teriparatide, at least when serum values are not extremely
low since the cut-off level to enter the study was >9.2 ng/dL
(23 nmol/L) and PTH concentrations had to be within normal
limits. In the presented subgroup analyses of fracture end-
points in baseline 25(OH)D sufficient versus baseline
25(0OH)D insufficient patients, the treatment-by-baseline

@ Springer
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d Non-Vertebral Fragility Fractures (FAS)

(2019) 14:10

Teriparatide Risedronate Interaction Hazard Ratio

Subgroup nIN (%) niN (%) p value [95% CI
Baseline Vitamin-D

Overall - 0.55 0.75[0.39, 1.44]

#

sufficient 20/566 (3.9) 32/559 (6.3) —— 0.61[0.35, 1.07]

insufficient 5/114 (4.7) 6/119 (5.6) 0.91[0.28, 2.99]
Overall VERO population 25/680 (4.0) 38/680 (6.1) —f—— 0.66 [0.39, 1.10]

T 1 T 1 T 1
001 04 0.8 1.2 1.6
Hazard Ratio
e Major Non-Vertebral Fragility Fractures (FAS)
Teriparatide Risedronate Interaction Hazard Ratio

Subgroup AN (%) nIN (%) p value [95% CI]
Baseline Vitamin-D

Overall 0.15 0.80 [0.39, 1.68]

*

sufficient 13/566 (2.5) 27/559 (5.3) —— 0.47[0.24, 0.91]

insufficient 5/114 (4.7) 4/119 (3.7) 1.38[0.37, 5.13]
Overall VERO population 18/680 (2.9) 31/680 (5.0) ?—- 0.58 [0.32, 1.05]

T T T 1 T 1
001 04 0.8 1.2 1.6

Fig. 1 (continued)

25(0OH)D interaction was not statistically significant (p >0.1)
in any of the analyses. These results confirm previous findings
in the placebo-controlled “Fracture Prevention Trial” which
demonstrated that in postmenopausal women with osteoporo-
sis, the response to teriparatide did not differ significantly
between women with baseline 25(OH)D sufficiency and those
with baseline 25(OH)D insufficiency [3]. Nevertheless, as in
all patients with severe osteoporosis, ensuring adequate vita-
min D supplementation is recommended.

Some limitations should be considered for the presented
analysis. As is common for subgroup analyses, the statistical
power to detect a treatment-by-subgroup interaction is limited
due to the relatively small sample size of the study. This also
led to the estimated Cls for the treatment effect within the
subgroups being considerably wider than the corresponding
CI estimated using the overall study population. Additionally,
since patients with baseline serum 25(OH)D levels <9.2 ng/
mL (23 nmol/L) were excluded from the study, our findings
only apply to patients having serum 25(OH)D levels above
9.2 ng/mL.

The strength of our analysis is that vitamin D supplemen-
tation in the trial was carefully monitored, and 25(OH)D se-
rum levels were centrally measured. Moreover, the VERO
study population is based on patients with a high fracture risk,
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Hazard Ratio

a population that should be considered for osteoanabolic ther-
apy. The VERO study was the first randomized clinical trial
that assessed fractures as primary and key secondary efficacy
endpoints, and thus, we were able to include in our analysis
relevant clinical outcomes, such as clinical fractures, that have
not been reported before in analyses by 25(OH)D sufficiency
status.

In conclusion, fracture risk reduction with teriparatide ver-
sus risedronate did not significantly differ between women
with baseline 25(OH)D sufficiency and those with 25(OH)D
insufficiency, confirming previous findings of a placebo-
controlled trial. Serum 25(OH)D levels decrease during
teriparatide treatment, likely due to the increased conversion
to 1,25(OH)2D. As in all patients with severe osteoporosis, an
adequate supplementation with vitamin D is recommended
during treatment with teriparatide, although monitoring of se-
rum 25(OH)D may be limited to patients with very low
25(0OH)D levels at baseline.
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