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Assessing the Effects of Teriparatide Treatment
on Bone Mineral Density, Bone Microarchitecture,
and Bone Strength

Michael Kleerekoper, MD, Susan L. Greenspan, MD, E. Michael Lewiecki, MD, Paul D. Miller, MD, David L. Kendler, MD,
Michael Maricic, MD, Tony M. Keaveny, PhD, David L. Kopperdahl, PhD, Valerie A. Ruff, MS, Xiaohai Wan, PhD,
Boris Janos, MD, and Kelly Krohn, MD

Background: To gain insight into how teriparatide affects various bone health parameters, we assessed the effects of
teriparatide treatment with use of standard DXA (dual x-ray absorptiometry) technology and two newer technologies, high-
resolution MRI (magnetic resonance imaging) and finite element analysis of quantitative CT (computed tomography) scans.

Methods: In this phase-4, open-label study, postmenopausal women with severe osteoporosis received 20 wg/day of
teriparatide. Assessments included (1) changes in areal BMD (bone mineral density) (in g/cm?) at the radius, spine, and
hip on DXA, (2) changes in volumetric BMD (in mg/cm3) at the spine and hip on quantitative CT scans, (3) changes in bone
microarchitecture at the radius on high-resolution MRI, (4) estimated changes in spine and hip strength according to finite
element analysis of quantitative CT scans, (5) changes in bone turnover markers in serum, and (6) safety.

Results: Thirty-five subjects were enrolled; thirty completed eighteen months and twenty-five completed an optional six-
month extension. No significant changes were observed for the primary outcome, high-resolution MRI at the distal aspect
of the radius. At month eighteen, the least-squares mean percentage change from baseline in total volumetric BMD at the
spine was 10.05% (95% confidence interval [Cl], 6.83% to 13.26%; p < 0.001), and estimated spine strength increased
17.43% (95% Cl, 12.09% to 22.76%; p < 0.001). Total volumetric BMD at the hip increased 2.22% (95% Cl, 0.37% to
4.06%; p = 0.021), and estimated hip strength increased 2.54% (95% Cl, 0.06% to 5.01%; p = 0.045). Areal BMD
increased at the lumbar spine and femoral neck, was unchanged for the total hip and at the distalmost aspect of the
radius, and decreased at a point one-third of the distance between the wrist and elbow. Bone turnover markers increased
at months three, six, and twenty-four (all p < 0.05). No unexpected adverse events were observed.

Conclusions: High-resolution MRI failed to identify changes in bone microarchitecture at the distal aspect of the radius, a
non-weight-bearing site that may not be suitable for assessing effects of an osteoanabolic agent. Teriparatide increased
areal BMD at the spine and femoral neck and volumetric BMD at the spine and hip. Estimated vertebral and femoral
strength also increased. These findings and increases in bone turnover markers through month twenty-four are consistent
with the known osteoanabolic effect of teriparatide.

Level of Evidence: Therapeutic Level IV. See Instructions for Authors for a complete description of levels of evidence.

Peer Review: This article was reviewed by the Editor-in-Chief and one Deputy Editor, and it underwent blinded review by two or more outside experts. It was also reviewed
by an expertin methodology and statistics. The Deputy Editor reviewed each revision of the article, and it underwent a final review by the Editor-in-Chief prior to publication.
Final corrections and clarifications occurred during one or more exchanges between the author(s) and copyeditors.

by reduced bone mineral density (BMD) and disruption area of bone (in cm?), which is referred to as the areal BMD
in bone microarchitecture. Dual-x-ray absorptiometry | (in g/cm?). This estimate differs from the volumetric BMD,
(DXA) is widely used in clinical practice to measure BMD; it | which is the estimated bone mineral content divided by the

O steoporosis is a systemic skeletal disorder characterized | yields an estimate of the amount of bone (in grams) in a given
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TABLE | Baseline Demographics and Characteristics (FSA Population)*

ASSESSING THE EFFECTS OF TERIPARATIDE ON BONE MINERAL
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Prior Bisphosphonate Treatment

Areal BMD T-scoret
Lumbar spine
Femoral neck
Total hip

Areal BMDT (g/cm?)

—2.9+1.0(n=30)
—2.4+0.7 (n=34)
~1.8+0.8(n=234)

1/3 distal radius 0.6 £ 0. =34)

Ultra-distal radius 0.3+0.1(n=34)
Volumetric BMD (mg/cm3)

Spine 145.9 + 19.55 (n = 30)

Hip 207.6 £ 27.91 (n = 27)

Total lumbar 4236 + 888.09 (n = 30)

spine strengtht (N)
Total hip strengtht (N)
PINPT (ug/L)

CTXt (ng/mL)

2786.48 + 520.46 (n = 27)
42.8 £20.3 (n = 33)
0.6 +0.3 (n=33)

Variable All Subjects, N = 34 Yes, N =21 No, N = 13

Aget (yr) 62 +8 61+8 63+9
Origin¥

White 31(91) 19 (90 12 (92)

Hispanic or West Asian 3(9) 2 (10) (8)
Time since 17 £ 12 16 £ 9 18 + 16
menopauseT (yr)
Prevalent fractures

Any vertebral fracture 4(12) 1(5) 3(23)

Any nonvertebral fracture 17 (50) 11 (52) 6 (46)

—2.8+1.2(n=18)
—2.5+0.7 (n=21)
~1.8+0.9(n=21)

-3.1+0.8(n=12)
—2.2+0.7(n=13)
—1.7+0.7 (n=13)

0.6+0.1(n=21)
0.3+0.1(n=21)

0.6 +0.1(n=13)
0.3+0.1(n=13)

149.2 £ 21.17 (n = 19)
208.7 + 27.36 (n = 17)

4428.47 +£1001.87 (n = 19)

140.3 £15.7 (n=11)
205.9 + 30.24 (n = 10)

3904.73 £ 537.98 (n = 11)

2728.24 + 550.96 (n = 17)
38.2+18.7(n=21)
0.6 +0.3(n=21)

2885.50 + 474.96 (n = 10)
50.8+21.1(n=12)
0.7+0.2(n=12)

*FSA = full-set analysis, CTX = serum carboxyterminal cross-linking telopeptide of collagen type 1, and P1NP = serum procollagen type
1 N-terminal propeptide. TThe values are given as the mean and standard deviation, with the number of subjects with data in parentheses. $¥The
values are given as the number of subjects, with the percentage in parentheses.

volume of the region of interest and is expressed in mg/cm?.
Although DXA is widely used, it cannot assess bone micro-
architecture, an important independent risk factor for fracture
in patients with osteoporosis.

Data from transiliac bone biopsies have demonstrated the
important contribution of bone microarchitecture to trabecular
strength'?, suggesting that assessment of bone structure may
help determine fracture risk. Histomorphometric analyses of
bone biopsies have provided valuable information about
bone architecture following treatment with teriparatide®;
however, biopsies are invasive and are not amenable to serial
measurements or use for routine monitoring of therapy in
clinical practice.

High-resolution magnetic resonance imaging (MRI) has
emerged as a noninvasive means of performing in vivo bone
morphometry. This technique allows researchers to examine tra-
becular and cortical bone microstructure at peripheral skeletal
sites, with the distal aspect of the radius being particularly ame-
nable to this technique®’.

Quantitative computed tomography (CT) scans are a
noninvasive means of estimating bone strength and have been
used frequently in clinical research to identify changes in vol-
umetric BMD. Briefly, quantitative CT scans provide three-
dimensional images to assess structural effects of drugs that act
on bone. Finite element analysis based on quantitative CT data has
been described in detail in the literature*'* and allows researchers
to estimate vertebral strength for a simulated compression over-
load and femoral strength for a simulated sideways fall. Few finite
element analysis studies have been reported previously for patients
treated with teriparatide'".

Teriparatide treatment stimulates production of new
bone on trabecular and cortical bone surfaces™", resulting in
increased BMD, improved bone microarchitecture and strength,
and reduced fracture risk"**'. Given the osteoanabolic effect of
teriparatide treatment and the importance of BMD, bone mi-
croarchitecture, and bone strength in reducing fracture risk, we
designed this study to investigate several parameters of bone
health with use of both conventional and novel technologies.
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Subjects and Methods
Study Design

his phase-4 exploratory, open-label, single-arm study

(ClinicalTrials.gov number NCT00557310) evaluated the
effects of daily injection of 20 g of teriparatide (recombinant
human parathyroid hormone, 1-34) in ambulatory postmen-
opausal women with severe osteoporosis at five centers in the
U.S. and Canada. Subjects were recruited for screening in ap-
proximately a 1:1 ratio on the basis of whether or not they had
previously used oral bisphosphonates. Informed consent was
obtained from each subject at study entry. There were three study
periods: an initial period for screening (up to 1.5 months), an
eighteen-month treatment period, and an optional six-month
treatment extension (Fig. 1).

During the initial period, eligibility criteria were evalu-
ated and screening procedures were performed as appropriate.
Areal BMD was measured by DXA at two locations in the distal
aspect of the radius (the “1/3 distal radius” and the “ultra-distal
radius”), femoral neck, total hip, and lumbar spine for screening
purposes and baseline measurements. The 1/3 distal radius location
is a predominantly cortical site that is one-third of the distance
between the wrist and elbow; the ultra-distal radius location is a site
comprising both trabecular and cortical bone that is at the very
distal end of the radius. The ultra-distal radius site aligned with
positioning of the high-resolution MRI coil used in this study.

A subject was eligible for enrollment if she was post-
menopausal, forty-five to eighty-five years of age, and had a
diagnosis of osteoporosis as defined by a baseline areal BMD
T-score of either (1) <—2.0 at the hip or spine if the subject had
at least one minimal-trauma vertebral or nonvertebral fracture,
or (2) £—3.0 at the hip or spine if the subject had no such prior
fracture. Subjects were excluded if they had previously used in-
travenous bisphosphonates, had a cumulative total of more than

Study Period |

Study Period Il

ASSESSING THE EFFECTS OF TERIPARATIDE ON BONE MINERAL
DENSITY, MICROARCHITECTURE, AND STRENGTH

five years of treatment with oral bisphosphonates over their life-
time, had a metal implant or hip replacement that would impact
imaging studies, or had a medical condition (e.g., Paget disease of
the bone, hyperparathyroidism, metastatic cancer, or previous
radiation therapy) that would preclude use of teriparatide.

Subjects subsequently underwent baseline high-resolution
MRI measurements of the right and left distal radii as well as
quantitative CT of the lumbar spine and hip (Fig. 1). Blood samples
were drawn for clinical laboratory assessments and measurement of
systemic serum concentrations of bone turnover markers.

Subjects administered 20 g of teriparatide daily via sub-
cutaneous injection, and they received calcium supplements
(approximately 1000 mg/day) and vitamin D (approximately 800
IU/day) for at least one month during screening and throughout
the study. This study was approved by the ethics committee at
each participating center and was conducted in accordance with
the October 2000 revision of the Declaration of Helsinki.

High-Resolution MRI

High-resolution MRI uses a patented algorithm to transform
data into a highly detailed three-dimensional model of bone
microstructure as described previously”. A Signa 1.5T scanner
(GE Healthcare, Waukesha, Wisconsin) and a wrist coil were
used to assess the distal aspect of the right forearm. The volume
acquired for trabecular measurements consisted of thirty-two
slices (twenty-four of which were typically included in the region
of interest) with a voxel size of 137 x 137 X 410 pm.

Objectives

The primary study objective was to determine whether teripara-
tide treatment results in an increase in the surface-to-curve ratio of
the distal aspect of the radius from baseline to month eighteen, as
determined by high-resolution MRI. The surface-to-curve ratio is

Study Period Il
Optional 6-Month

Screening  Baseline Treatment Period Extension
Calcium/Vitamin D
Teriparatide 20 ug/day
Open Label
4 2
Wks Wks 18 Mos 6 Mos
-1.5 Months  -0.5 0 3 6 12 18 24
Baseline BTMs BTMs hrMRI DXA DXA
. BTMs Safety Labs hrMRI Safety Labs Safety Labs
Screening Labs Safety Labs hrMRI hrMRI Bilateral hrMRI
DXA QcT BTMs
Baseline
Bilateral hrMRI
Baseline QCT

Fig. 1

Study design and treatment periods. BTMs = bone turnover markers, hrMRI = high-resolution MRI, and QCT = quantitative CT.
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TABLE Il Percentage Change in High-Resolution MRI Assessments (FSA Population)*

Month-18 Completers, Month-24 Completers,

Parameter N = 25¢% P Value N =21% P Value End Point, N = 3215 P Value
Surface-to- 2.37 (—9.44 t0 14.18) 0.679 —2.38 (—19.54 to 14.66) 0.770 0.31(—13.291t0 13.91) 0.963
curve ratio§

Cortical —0.59 (—6.27 t0 5.09) 0.830 —0.69 (—7.08t0 5.70) 0.821 —0.97 (—5.99 to 4.06) 0.695

thickness#

Bone volume 0.31 (—3.45 10 4.07) 0.865 —3.39 (—8.42t0 1.64) 0.172 —2.49 (—6.32 10 1.34) 0.193

fraction**

Topological 3.46 (—3.41t0 10.33) 0.305 8.82 (—1.28t0 18.92) 0.082 5.72 (—2.71to 14.15) 0.175

erosion

indextt

*FSA = full-set analysis. TThe values are given as the least-squares mean percentage change from baseline, with the 95% ClI in parentheses.
FIncludes data for those subjects who dropped out prior to month 18 and had a follow-up MRI scan at the time they discontinued. §A measure of
the ratio of plates to rods in the analysis volume. #A surface-based measurement. **A measure of mechanical competence of bone. T1The ratio
of the sum of topological parameters expected to increase with bone erosion compared with the sum of those expected to decrease®.

a computed ratio of trabecular connectivity that provides a mea-
surement of bone microarchitecture, involving the transition from
rod-like to plate-like structures, similar to that provided by a
biopsy”. Secondary objectives were to assess (1) changes from
baseline to months eighteen and twenty-four in the cortical
thickness, topological erosion index, and bone volume fraction
of the distal aspect of the radius, as determined by high-resolution
MRI (as well as the surface-to-curve ratio at month twenty-four);
(2) changes from baseline to month eighteen in the volumetric
BMD of the lumbar spine and hip, as determined by quantitative
CT; (3) vertebral and femoral strength at month eighteen,
as estimated by finite element analysis of the quantitative CT
scans; and (4) changes in areal BMD from baseline to months
eighteen and twenty-four as determined by DXA. The volumetric
BMD calculations were performed for the trabecular and pe-
ripheral bone compartments as well as for the bone as a whole
(“total”); the peripheral compartment was the outer 2 to 3 mm
of bone, containing all of the cortical bone and some adjacent
trabecular bone. As an exploratory objective, we also assessed
whether previous oral bisphosphonate therapy affected volu-
metric BMD or estimated strength.

The effect of teriparatide treatment on bone remodeling
was assessed by evaluating changes in two bone turnover markers
from baseline to months three and six (early changes) and to
month twenty-four. One of the markers, serum procollagen type
1 N-terminal propeptide (P1NP), provides a measure of bone
formation; the other marker, serum carboxyterminal cross-
linking telopeptide of collagen type 1 (CTX), provides a measure
of bone resorption™.

Safety evaluations included physical examinations, vital
signs, hematology, and clinical chemistry. Serum calcium, al-
bumin, and creatinine were measured at least twelve hours after
the last dose of teriparatide. Adverse events were assessed at the
time they were originally reported and throughout the study.
Specific tests for safety could be repeated in subsequent visits at
the investigators’ discretion. Treatment noncompliance was con-

sidered to exist if a subject had missed >30% of the study drug
doses at two consecutive study visits.

Statistical Methods

Unless otherwise specified, changes in continuous longitudinal
variables between baseline and various subsequent time points
were analyzed with use of the mixed-model repeated-measures
method, and changes in continuous nonlongitudinal variables
were analyzed with use of the analysis of variance (ANOVA)
method. The actual and percentage changes in each continuous
outcome (high-resolution MRI, DXA, or quantitative CT scan)
were analyzed, with investigator site and prior bisphosphonate
exposure in the model, for subjects who completed eighteen or
twenty-four months of therapy and had both a baseline and an
eighteen-month evaluation. An end-point analysis, which included
subjects who discontinued the study prior to month eighteen and
had a follow-up evaluation at the time they discontinued, was
also performed. The nonparametric Wilcoxon signed-rank
test was used to evaluate the change in strength from baseline.
Significance tests were based on least-squares means and the
type-1II sum of squares; a p value of 0.05 (two-sided) was
considered significant. Analysis was conducted on the full set
of subjects who were enrolled and received at least one dose of
study drug, following the intent-to-treat principle”. All
analyses used SAS Drug Development software (SAS Insti-
tute, Cary, North Carolina).

Sample Size

To our knowledge, no published data on high-resolution MRI
analysis of trabecular architecture in teriparatide-treated subjects
were available when this study was designed. Results from a study
of hypogonadal men treated with testosterone® and other
unpublished data were therefore considered in determining
the sample size and power. To optimize the chances of meeting
statistical power requirements, the study was designed to enroll
approximately thirty-three subjects. It was assumed that 30% of
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Screen Failures
n=47

Screened for Entry
N=82

A 4

v

Reasons for
Screen Failure:
Adverse Event, n=2*
Entry Criteria Not Met, n=45

Reasons for Discontinuation:
Adverse Event, n=4
Subject’s Decision, n=1

Enrolled
n=35**

A\ 4

A 4

Completed 18 Months
n=30

—»{ Reasons for Discontinuation:
Adverse Event, n=1
Lost to Follow-up, n=1
Physician Decision, n=2
Protocol Violation, n =1

A 4

Completed 24 Months
n=25

*Two subjects were considered screen failures; these subjects
consented to study participation but each experienced an
adverse event prior to receiving study drug.

**One subject was inadvertently enrolled in the study (had
metal implant in proximal femur, which was exclusionary).
This patient was not included in the efficacy analyses but
was included in the safety analyses.

Fig. 2

Flow of subjects through the study.

subjects would discontinue before completing the eighteen-month
measurements. The study was predicted to have >80% power to
detect a change in the surface-to-curve ratio of 0.57 (equivalent
to 9%) with a standard deviation of 0.90 at a two-sided signifi-
cance level of 0.05 with use of a paired t test.

Source of Funding

Lilly USA, LLC (Indianapolis, Indiana) sponsored this study and
was the employer of some of the authors. Eli Lilly and Company
provided compensation to inVentiv Health Clinical for provision
of technical writing services provided by E. Gallagher. The clinical
investigators who conducted the study did not receive compen-
sation related to authorship of this manuscript.

Results
Baseline Demographics and Characteristics
f the eighty-two subjects screened, thirty-five were assigned
to treatment, thirty completed eighteen months, and twenty-
five completed twenty-four months of teriparatide treatment
(Fig. 2). The most common reason for early discontinuation was
an adverse event. Two subjects who experienced adverse events
during the period between providing consent and starting the
study drug were considered screening failures and discontinued.
Baseline demographics and characteristics according to prior bis-
phosphonate use are summarized in Table I. The one subject
inadvertently enrolled in the study who did not meet the eli-

ASSESSING THE EFFECTS OF TERIPARATIDE ON BONE MINERAL
DENSITY, MICROARCHITECTURE, AND STRENGTH

gibility criteria (representing a protocol violation) was included
in the safety analyses but not in the efficacy analyses. Therefore,
the full-set analysis involved thirty-four subjects, 97% of whom
were compliant with the study drug regimen.

High-Resolution MRI Findings

There were no significant changes from baseline (p > 0.05) in the
estimated surface-to-curve ratio of the distal aspect of the radius in
subjects who completed eighteen months of treatment with
teriparatide (the primary outcome), in subjects who completed
twenty-four months of treatment (a secondary outcome), or in
those subjects who dropped out prior to month eighteen and
had a follow-up high-resolution MRI at the time they discontinued
(Table II). There also were no significant differences in other sec-
ondary MRI parameters that were assessed at month eighteen
or twenty-four or at the end point for all subjects with follow-
up data (all p > 0.05).

Volumetric BMD and Strength Estimates

Vertebral Outcomes

Teriparatide treatment significantly increased volumetric BMD
at the lumbar spine at month eighteen (Fig. 3) and at the end point
for all subjects with follow-up data; significant increases were also
seen overall and in both of the bone compartments assessed
(all p < 0.001) (see Appendix). Additionally, estimated lumbar
spine bone strength, overall and in both bone components, was
significantly increased from baseline to both month eighteen
(Fig. 3) and the end point for all subjects with follow-up data
(all p < 0.001). As shown in Figure 4, treatment-induced
improvement in bone material properties is evident in the
quantitative CT-based finite element models of the L3 vertebra
from a representative subject before and after treatment with
teriparatide.

Volumetric BMD Strength
30 1 ok
***P<0.001 vs baseline
25 n=28

[~
o
*
*
*
*
!——i:
*
*
*

-
o
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J *kk

] :

(Least-squares Mean, 95% CI)
o

Percentage Change from Baseline

5 4
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Fig. 3
Vertebral outcomes for month-eighteen completers (full-set analysis).
The whiskers indicate the 95% CI.
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Elastic
Modulus

Baseline

Fig. 4

(MPa)

Month 18

Quantitative CT-based finite element models of the L3 vertebra from a representative study subject before and after treatment with teriparatide. Treatment

resulted in an improvement in material properties (e.g., the elastic modulus shown), which resulted in a significant increase in the overall estimate of

vertebral compressive strength.

Hip Outcomes

The volumetric BMD for the total hip was significantly higher
than baseline after eighteen months of teriparatide treatment
(Fig. 5) and at the end point for all subjects with follow-up data
(p < 0.05) (see Appendix). The volumetric BMD in the tra-
becular area of the hip was significantly increased from baseline
to both month eighteen and the end point for all subjects with
follow-up data (p < 0.001), but the peripheral volumetric BMD
was not significantly different from baseline at month eighteen
or at the end point (p > 0.05). Total hip strength was also sig-
nificantly improved at month eighteen (p < 0.05) (Fig. 5). Bone
strength estimates in the individual hip compartments at month
eighteen were not significantly different from baseline (p > 0.05).

Effect of Oral Bisphosphonates

In an exploratory analysis, prior oral bisphosphonate use did
not significantly influence the effect of teriparatide treatment
on volumetric BMD or estimated bone strength at the lumbar
spine or hip (all p > 0.05) (see Appendix).

Areal BMD

The lumbar spine and femoral neck skeletal sites displayed
significant increases in areal BMD, as assessed with DXA, at
months eighteen and twenty-four and at the end point for all
subjects with follow-up data (p < 0.001 for the lumbar spine,
p < 0.05 for the femoral neck) (Fig. 6; see Appendix). There
were no significant changes in areal BMD for the total hip
(p > 0.05). Assessments of areal BMD for the 1/3 distal ra-
dius site were significantly lower than baseline (p < 0.013).
The only assessment of areal BMD for the ultra-distal radius that
differed significantly from baseline was the actual change at
month eighteen (p = 0.049).

Biochemical Markers of Bone Turnover

Teriparatide-treated subjects had significantly greater levels of
serum PINP (p < 0.001 compared with baseline) at all time
points measured, and CTX levels were also significantly greater

(p < 0.05 compared with baseline) except at the end point for all
subjects with follow-up data (see Appendix). The increase in
PINP was greater than that in CTX at all time points, consistent
with an osteoanabolic action of teriparatide treatment that results
initially in bone modeling followed by an increase in bone
remodeling”. PINP concentrations remained elevated after
twenty-four months of teriparatide treatment, suggesting that
teriparatide continued to stimulate new bone formation at
this time point. Changes in serum P1NP at month three were
correlated with the increase in estimated vertebral strength
at month eighteen (Pearson correlation coefficient = 0.401,
Pearson p = 0.04) (see Appendix).

Safety
Thirty-two (91%) of the thirty-five subjects reported at least
one adverse event during the study. Five subjects experienced

10 Volumetric BMD Strength
8 *kk *P<0.05 vs baseline
***P<0.001 vs baseline
6 * n=25
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Fig. 5
Hip outcomes for month-eighteen completers (full-set analysis). The
whiskers indicate the 95% CI.
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ek mmmm \Month 18, n=28
*kk —3 Month 24, n=25

*P<0.05 vs baseline
**P<0.01 vs baseline
***P<(0.001 vs baseline

Percentage Change from Baseline
(Least-squares Mean, 95% Cls)

Fig. 6
Change in areal BMD. The whiskers indicate the 95% CI.

serious adverse events, and one of these subjects experienced two
serious adverse events (a fall and visual impairment). The most
common adverse events were arthralgia (four, 11%); muscle
spasms (four, 11%); and diarrhea, insomnia, headache, a fall,
and decreased weight (three, 9%, each). In five (14%) of the
subjects, an adverse event resulted in discontinuation; the event
was vertigo, chest pain, malaise, dizziness, and neurilemmoma
(one of the serious adverse events) in one subject each. Vertigo
and dizziness were noted as being related to the study drug in
the opinion of the investigators. The neurilemmoma, which
was identified during MRI to assess a subject’s hearing loss, was
later diagnosed as a benign acoustic neuroma, which the in-
vestigator considered unrelated to the study drug.

Teriparatide treatment can transiently increase serum
calcium levels™. Hypercalcemia was identified in five subjects.
One subject had hypercalcemia at baseline and discontinued
the study after approximately three months because of an ad-
verse event (vertigo) that emerged during treatment. No sub-
ject discontinued because of hypercalcemia. One subject had an
elevated alkaline phosphatase level at baseline that remained
elevated, but stable, throughout the study.

Discussion

esearchers are challenged to find technologies for per-

forming noninvasive assessments of bone health. In the
current trial, high-resolution MRI failed to detect changes in
bone microarchitecture at the distal aspect of the radius after
treatment with teriparatide, a bone anabolic agent approved for
the treatment of osteoporosis. There are several potential ex-
planations for this failure to detect an effect.

First, areal BMD at the ultra-distal radius site (approxi-
mately the same region as that assessed in the high-resolution
MRI) was not significantly different at months eighteen and
twenty-four compared with baseline. Furthermore, the 1/3 distal
radius site, which consists predominantly of cortical bone, had a
significant loss of areal BMD at months eighteen and twenty-
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four compared with baseline. It is possible that teriparatide
treatment increases cortical remodeling, resulting in transient
“cortical porosity” and an apparent loss of areal BMD as mea-
sured by DXA.

Second, the anatomical site (distal aspect of the radius)
that was used for the high-resolution MRI measurements is not
weight-bearing. Data from animal models show that it is im-
portant to have some level of mechanical loading of the bone to
achieve a substantial osteoanabolic response with teriparatide
treatment™. The distal aspect of the radius is minimally loaded
compared with lower-extremity sites, such as the tibia. This
effect of mechanical loading has been suggested in a clinical
study of idiopathic osteoporosis in premenopausal women
treated with teriparatide™. In that study, substantial increases in
bone parameters were observed in the distal aspect of the tibia
but not the distal aspect of the radius as measured by high-
resolution CT scanning.

Third, most published information on high-resolution
MRI is from trials conducted by a single investigator at a single
research-dedicated MRI facility at an academic center. In the
present multicenter trial, the high-resolution MRI units were
also used for routine clinical care. Furthermore, there were
technical issues at some sites in the present trial, although there
were no obvious outliers when the MRI data were analyzed
according to investigator site.

Finally, the lack of a detectable response in the high-
resolution MRI data may be due to the absence of biologic
effect of teriparatide. However, this is unlikely since the sec-
ondary outcomes—areal BMD, volumetric BMD, finite ele-
ment analysis estimates of vertebral and hip strength, and bone
turnover markers—were consistent with the known osteo-
anabolic effect of teriparatide.

Teriparatide treatment has consistently been associated
with increased vertebral strength estimates. However, assess-
ment of changes in femoral strength is more complex because
of the impact of cortical remodeling on the peripheral com-
partment. During cortical remodeling, new cortical bone re-
places existing cortical bone, a process that may eventually
improve the material properties of the cortical bone'*'**'. In the
present study, quantitative CT analysis revealed no improve-
ment in volumetric BMD of the peripheral compartment at the
hip; indeed, it revealed a possible decline, which may be due to
cortical remodeling. Biomechanically, however, reductions in
peripheral volumetric BMD at the hip do not necessarily imply
reductions in overall femoral strength.

In the Fracture Prevention Trial"”, which evaluated the
effect of teriparatide on fractures in postmenopausal women
with osteoporosis, 20 wg/day of teriparatide for a mean of
nineteen months reduced new nonvertebral fragility fractures
by 53%. The major “nonvertebral” sites included the hip, wrist,
humerus, pelvis, and ankle. The Fracture Prevention Trial did
not have enough hip or wrist fracture events to assess the impact
of teriparatide at those specific sites. However, those findings
suggest that any transient cortical remodeling with teriparatide
treatment does not result in an increase in nonvertebral fractures
in the short term and that the nonvertebral fracture risk reduction
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is maintained during longer-term treatment, which is often fol-
lowed by antiresorptive therapy. Further, it is reassuring that
femoral strength improved significantly after eighteen months of
teriparatide treatment in the present trial.

Bone turnover marker results from the current trial were
consistent with earlier studies™”. It is worth noting that PINP
levels remained elevated (118.9% above baseline) at month
twenty-four in the present trial, suggesting ongoing stimula-
tion of osteoblasts at twenty-four months. An exploratory
objective of this study was to determine whether prior oral
bisphosphonate therapy would impact volumetric BMD or
strength estimates of the spine and hip. Although no significant
differences between subjects with and without prior bis-
phosphonate exposure were observed, it is possible that a
larger sample size could have revealed differences in some
parameters between these two groups. No unexpected adverse
events were seen in this study involving elderly patients with
severe osteoporosis. A total of five adverse events led to study
discontinuation, and two (vertigo and dizziness) were consid-
ered by the investigators to be related to the study drug. Hy-
percalcemia was noted in five subjects but did not lead to any
study discontinuations.

Limitations of the study include the small sample size,
open-label design with no placebo or active comparator group,
and use of high-resolution MRI at a non-weight-bearing site.
Although estimates of strength by finite element analysis are
predictive of incident vertebral fractures in elderly men®, to our
knowledge no study has linked changes in strength associated
with osteoporosis treatments to changes in fracture incidence.
The effect of enhancing the spatial resolution of the MRI at the
expense of signal-to-noise ratio is also unknown. Strengths of the
study include the use of multiple validated imaging parameters
and bone turnover markers to provide evidence supporting the
osteoanabolic effect of teriparatide treatment.

In summary, high-resolution MRI failed to detect signifi-
cant changes in bone microarchitecture at the non-weight-
bearing site studied, the distal aspect of the radius, after eighteen
or twenty-four months of treatment with teriparatide. This
finding is consistent with the observed reductions in areal BMD
(on DXA) at the distal aspect of the radius. Additional studies
will be needed to determine whether high-resolution MRI can
be used to monitor osteoporosis treatment results at a weight-
bearing site, such as the tibia. In contrast, analysis of the secondary
outcomes of the present study revealed increases in areal BMD in
the lumbar spine and femoral neck (but not the total hip), vol-
umetric BMD, bone turnover markers, and estimates of vertebral
and femoral strength based on finite element analysis of quanti-
tative CT data. These results are consistent with the known os-
teoanabolic effect of teriparatide at conventional weight-bearing
skeletal sites. The increases in estimated vertebral and femoral
strength are consistent with data from other finite element
analysis studies and with the clinical trials of fracture out-
comes that have shown teriparatide to be highly effective at
treating bone fragility associated with osteoporosis and at
reducing the numbers of both vertebral and nonvertebral
fractures.
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Appendix
@ Tables showing changes in volumetric BMD and esti-
mated strength at the spine and hip (at months eighteen
and twenty-four) as assessed by quantitative CT, areal BMD (at
months eighteen and twenty-four), and bone turnover markers
(at months three, six, and twenty-four), as well as figures showing
outcomes according to prior bisphosphonate use, changes in bone
turnover markers, and the correlation between changes in PINP at
month three and estimated vertebral strength at month eighteen,
are available with the online version of this article as a data sup-
plement at jbjs.org. ®
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