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To gain insight into the clinical effect of teriparatide and alendronate on the hip, we performed non-linear
finite element analysis of quantitative computed tomography (QCT) scans from 48 women who had partici-
pated in a randomized, double-blind clinical trial comparing the effects of 18-month treatment of teriparatide
20 pg/d or alendronate 10 mg/d. The QCT scans, obtained at baseline, 6, and 18 months, were analyzed for
volumetric bone mineral density (BMD) of trabecular bone, the peripheral bone (defined as all the cortical
bone plus any endosteal trabecular bone within 3 mm of the periosteal surface), and the integral bone
(both trabecular and peripheral), and for overall femoral strength in response to a simulated sideways fall. At
18 months, we found in the women treated with teriparatide that trabecular volumetric BMD increased versus
baseline (+4.6%, p<0.001), peripheral volumetric BMD decreased (— 1.1%, p<0.05), integral volumetric BMD
(+1.0%, p=0.38) and femoral strength (+ 5.4%, p=0.06) did not change significantly, but the ratio of strength
to integral volumetric BMD ratio increased (+4.0%, p=0.04). An increase in the ratio of strength to integral
volumetric BMD indicates that overall femoral strength, compared to baseline, increased more than did inte-
gral density. For the women treated with alendronate, there were small (<1.0%) but non-significant changes
compared to baseline in all these parameters. The only significant between-treatment difference was in the
change in trabecular volumetric BMD (p<0.005); related, we also found that, for a given change in peripheral
volumetric BMD, femoral strength increased more for teriparatide than for alendronate (p=0.02). We con-
clude that, despite different compartmental volumetric BMD responses for these two treatments, we could
not detect any overall difference in change in femoral strength between the two treatments, although femoral
strength increased more than integral volumetric BMD after treatment with teriparatide.
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Introduction

Teriparatide and alendronate are two biologically different therapies
approved for treatment of osteoporosis. The anabolic teriparatide in-
creases bone formation earlier and to a greater magnitude than it

* Source of support: Funding was provided by Lilly Research Laboratories.
% Clinical Trial Registration: Clinicalstudyresults.org Trial 4943.

% Author disclosure summary: Dr. Keaveny has served as a consultant for and/or
has received research funding from Merck, GSK, Amgen, Pfizer, Novartis, and Eli Lilly
and Company, and serves as a consultant for and has a financial interest in O.N. Diag-
nostics. Dr. McClung serves as a consultant for Amgen, Eli Lilly and Company, Merck
and Novartis. Dr. Kopperdahl is an employee of O.N. Diagnostics. Drs. Wan and Krohn
are employees of Lilly USA, LLC and Dr. Mitlak is an employee of Eli Lilly and Company.

* Corresponding author at: Departments of Mechanical Engineering and Bio-
engineering, 6175 Etcheverry Hall, MC 1740, University of California, Berkeley,
CA 94720-1740, USA. Fax: +1 510 642 6163.

E-mail address: tmk@me.berkeley.edu (T.M. Keaveny).

8756-3282/% - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bone.2011.10.002

increases bone resorption, resulting in a positive bone balance, whereas
the anti-resorptive alendronate improves the bone remodeling balance
by inhibiting bone resorption [1]. Given the dearth of clinical data com-
paring hip fracture efficacy for these two treatments, unique insight
might be gained from estimates of treatment-induced changes in femo-
ral strength, as provided by finite element analysis of computed tomog-
raphy (CT) scans. Consistently validated for assessment of whole-bone
strength in a number of different cadaver studies [2-9], finite element
analysis of CT scans has been shown to predict incident hip fractures
[10, 11], to differentiate those with or without vertebral fracture
[12-14], to study aging [15] and spaceflight [16] effects on femoral
strength, and to estimate changes in femoral [17-19] and vertebral
[18, 20-23] strength in response to various treatments. Combined with
quantitative measures of volumetric bone mineral density (BMD) of
the cortical and trabecular compartments, the finite element technique
can provide valuable insight into the biomechanical mechanisms by
which various treatments are thought to affect bone strength [24, 25].
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Assessing treatment-induced changes in femoral strength for
teriparatide is challenging since treatment with parathyroid hormone
can alter the cortical and trabecular compartments differently [1,
26-30]. For PTH(1-84), these compartmental effects can alter femoral
strength in ways that are not reflected by changes in dual-energy
x-ray absorptiometry (DXA)-derived areal BMD [19]. For teriparatide
(PTH [1-34]), a recent quantitative CT study noted that decreases in
femoral neck cortical volumetric BMD occurred without a reduction in
structural parameters associated with bending strength [29]. However,
that study did not employ finite element analysis, instead reporting on
structural parameters derived from the simpler and more restrictive
beam and buckling theories. Addressing this limitation and the relative
dearth of clinical data on any type of biomechanical comparison be-
tween teriparatide and alendronate, we report here on a finite element
analysis of CT scans to compare changes in femoral strength, and vari-
ous measures of BMD, in postmenopausal women with osteoporosis
treated with either teriparatide or alendronate.

Methods
Study design and participants

The women in this clinical study were a subset of 203 postmeno-
pausal women who participated in the Forteo Alendronate Compara-
tor Trial (FACT). Described in detail elsewhere [1], FACT was a
randomized, double-blind, double-dummy 18-month active compar-
ator multi-center study of teriparatide injection 20 pg/day (N=102)
versus oral alendronate 10 mg/day (N=101). Each agent was taken
with daily supplements of 1000 mg calcium and 400-800 IU vitamin
D. All participating women in FACT were ambulatory, five years or
more past menopause, had a BMD T score between —2.5 and —4.0
at the lumbar spine or femoral neck, and had normal or clinically in-
significant abnormal laboratory values, including serum calcium, PTH
(1-84), 25-hydroxyvitamin D, and alkaline phosphatase. The protocol
for FACT was reviewed and approved by local institutional review
boards. Written informed consent was obtained from all women be-
fore undergoing any protocol-specific procedure or receiving any
study therapy. All study methods and procedures were conducted
according to the ethical principles of the Declaration of Helsinki and
the guidelines of Good Clinical Practices.

The sample in this analysis comprised the subset of the 56 women
(30 in the teriparatide group and 26 in the alendronate group) in
FACT who had quantitative CT scans taken at baseline, 6, and
18 months. At baseline in this sample, there were no significant dif-
ferences between the teriparatide and alendronate groups for age, or-
igin, BMD, or bone strength (Table 1). Compared with the overall
FACT study population [1], this sample was on average about two
years younger, had higher hip areal BMD (by DXA), and lower bone
turnover.

The CT scans of the hip, helical or contiguous slice depending
on the CT scanner, were acquired using nominal acquisition settings
of 80 kVp and 280 mAs, the patient lying supine on a liquid K;HPO,4
calibration phantom (Mindways Model II, Mindways Software, Austin
TX). The CT images were then reconstructed at 3.0 mm sections, using
a standard kernel, the in-plane pixel sizes ranging from 0.78 to
0.94 mm, depending on the scanner field of view. After quality con-
trol analysis, full sets of finite element and quantitative CT data
were available for up to 48 women (teriparatide, N=27; alendronate,
N=21 at 6 months; teriparatide, N=21; alendronate, N=18 at
18 months). DXA scans of the proximal femur were taken at baseline
and 18 months for all the women, but DXA data were not available for
two women in the alendronate group.

Using custom computer programs (O.N. Diagnostics, Berkeley, CA)
and as described in more detail elsewhere [17, 18, 20, 21], the quan-
titative CT images were converted into finite element models using
1.5 mm-sided, cube shaped, 8-noded brick elements (Fig. 1). The

Table 1
Baseline characteristics (mean4SD unless noted otherwise) of the women treated
with either alendronate or teriparatide.

Variable Teriparatide Alendronate p-Value
20 pg/day 10 mg/day  (between groups)
(N=27) (N=21)
Age (years) 64.24+7.7 62.2+84 0.67
Years postmenopausal (years) 18.1+£109 16.2+9.2 0.68
BMI (kg/m?) 25.6+39 26.5+4.9 0.41
Origin; number (%) 0.74
Caucasian 11 (41%) 10 (48%)
Hispanic 11 (41%) 9 (43%)
Other 5 (19%) 2 (10%)
DXA lumbar spine BMD (g/cm?)  0.75+0.09 0.75+0.08 0.90
DXA total hip BMD (g/cm?) 0.75+0.08 0.73+0.13 032

QCT lumbar spine BMD (mg/cm®) 84.7+262 855+23.6 0.83

DXA femoral neck BMD (g/cm? 0.64+0.10 0.644+0.13 0.98
BCT femoral strength (N) 1930+498 2020+529 0.28
PINP (ng/ml) 4164151 4044183 057
NTx/Cr (nmol BCE/mmol Cr) 49.0+339 5254318 049

Abbreviations: BCE = bone collagen equivalents, BMD = bone mineral density; BMI = body
mass index; DXA=dual energy x-ray absorptiometry; N=number of patients; NTx/
Cr=cross-linked N-telopeptide excretion normalized to creatinine; PINP= procollagen
type I N-terminal propeptide; QCT = quantitative computed tomography; BCT = biomecha-
nical computed tomography, aka finite element analysis of CT scans.

Wilcoxon rank-sum tests were used for all comparisons except origin. Chi-squared test
was used to compare the two treatment groups with respect to Origin.

longitudinal pairs of CT images were registered to each other in a
fall configuration using rigid-body transformations, although the vol-
umetric BMD data for each finite element in the rotated coordinate
system were sampled directly from the originally-oriented CT scans
in order to minimize loss of resolution. In the finite element models,
the cortical and trabecular bone regions were distinguished from
each other on the basis of apparent density (cut point of 1.0 g/cm?).
Element-specific isotropic elastic and elastic-plastic yield properties
were derived from the calibrated volumetric BMD values using em-
pirical relations, the bone being stronger in compression than tension
and using different relations for the cortical and trabecular bone [24-
26]. Boundary conditions were applied to simulate a severe, unpro-
tected fall to the side of the hip, the diaphysis angled at 10° with re-
spect to the ground with 15° of internal rotation. Femoral strength
was calculated from the resulting nonlinear force-deformation
curve for the whole bone, defined as the force at 4% deformation.
All image processing and finite element analyses were performed
blinded to treatment.

The main outcome from these analyses was an estimate of femoral
strength and from this, percent change from baseline was calculated
at 6 and 18 months. Because the scans were taken at 3 mm slice
thickness, it was difficult to resolve the cortical bone in regions
where the cortex was thin. Thus, to provide more robust measures
of cortical volumetric BMD, we defined the peripheral compartment
as all the cortical bone plus any endosteal trabecular bone within
3 mm of the periosteal surface; the trabecular compartment was de-
fined as all remaining trabecular bone. Volumetric BMD (in mg/
cm?) was measured for all the bone in each of these compartments,
sampling all bone to a distance of one head diameter distal to the
femoral head center; an “integral” volumetric BMD was also mea-
sured (combined peripheral and trabecular BMD). We also report
areal BMD (in g/cm?) as measured by DXA, for both the total hip
and femoral neck sites.

Due to the small sample size, the nonparametric Wilcoxon signed-
rank test was used to compare percent change from baseline within
treatment, and the Wilcoxon rank-sum two-sample test was used to
compare percent changes from baseline between treatments. At
18 months, Pearson's correlation coefficients were used to characterize
the degree of association between percent change in femoral strength
and percent change in the various BMD measures and these correlation
coefficients were compared using the Fisher Z-transformation. The
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Fig. 1. Color illustration of a typical finite element model, showing the full 3D model and a 2D section. The color scale indicates regions of high- and low-density bone, as assigned
from the calibrated BMD data from the patient's CT scan. In the model, forces simulating a sideways fall are applied via the layers of plastic (white elements) applied at the femoral
head and greater trochanter; the distal end of the model is also constrained (not shown). Each cube denotes a single finite element, sized at 1.5 mm along each side.

regression slope and intercepts for the relations were also compared
across treatments using analysis of covariance. All analyses were per-
formed using SAS statistical software (version 9.1.3; SAS Institute,
Cary, NC). In the results that follow, all changes refer to those at
18 months unless noted otherwise.

Results

The only statistically significant difference between the two treat-
ments was for the change from baseline in volumetric BMD of the tra-
becular bone, which was greater for teriparatide than alendronate at
both 6 (p<0.05) and 18 (p=0.004) months (Table 2). There were
also differences in the pattern of volumetric BMD changes from
baseline within the two treatments. In the women treated with teri-
paratide, at 18 months trabecular volumetric BMD increased compared
to baseline (p<0.001) whereas peripheral volumetric BMD decreased
(p<0.05). By contrast, there were no statistically significant changes

from baseline in any of these compartmental volumetric BMD measures
in the alendronate-treated women. These different responses to the
two treatments were reflected only somewhat in the DXA-measured
areal BMD measures: femoral neck areal BMD increased compared to
baseline for only teriparatide, whereas total hip areal BMD increased
similarly for both treatments. These changes in areal BMD were not sig-
nificantly different between treatment groups (Table 2) and were sim-
ilar to the changes observed in the overall FACT population [1].
Consistent with these observations, correlation analysis for the in-
dividual women indicated that the change in femoral strength was
more strongly associated with change in trabecular volumetric BMD
for teriparatide than it was for alendronate (R>=0.79 vs. R>=0.36,
respectively; p=0.02, Fig. 2). Analysis of covariance revealed one
treatment-related difference in the slopes and intercepts of these var-
ious relations. In the relation between change in femoral strength
and change in peripheral volumetric BMD, while the slopes were
equal (p=0.94), the intercepts were not (p=0.01) (Fig. 2). Thus,

Table 2
Percent changes from baseline, after 6 and 18 months of treatment, in femoral strength and various measures of BMD. Median values are shown (interquartile range in
parentheses).
Outcome variable 6 months 18 months
Teriparatide Alendronate p-Value?® Teriparatide Alendronate p-Value®
(N=27) (N=21) (between groups) (N=21) (N=18) (between groups)
Femoral strength (N) 29 1.0 0.55 5.4 0.9 0.17
(—47,68) (—22,52) (—28,8.7) (—52,3.0)
Volumetric BMD
Integral 0.4 —0.5 0.73 1.0 0.2 0.37
(—14,18) (—1.0,1.6) (—05,3.1) (—25,2.7)
Trabecular 1.8™ —0.7 0.05 46" -03 0.004
(—14,52) (=15, 1.4) (1.5,9.1) (—34,1.5)
Peripheral —0.9 0.0 0.19 —1.1" 0.0 0.19
(—3.5,13) (—1.4,20) (—4.0,-03) (—23,2.0)
Strength:density ratio 2.1 1.0 0.46 40* 0.1 0.12
(—14,48) (—1.8, 4.0) (0.0, 6.6) (—2.7,2.5)
Areal BMD °
Total hip region 28" 33* 0.99
(—1.0,5.4) (1.9, 4.5)
Femoral neck region 3.7% 2.6 0.63
(1.5,5.4) (—0.2,5.9)

N = number of patients. Strength was computed using finite element analysis; volumetric BMD (g/cm?) was measured using quantitative CT; integral BMD refers to the combined
measurement for the trabecular and peripheral bone, the latter defined as all cortical bone plus any endosteal trabecular bone within 3 mm of the periosteal surface; strength:
density ratio is the ratio of femoral strength to integral (volumetric) BMD (N c¢m?/g); all BMD measures for total hip region-of-interest unless noted otherwise; areal BMD (g/cm?)
was measured using DXA. *p<0.05, ** p<0.01, and *** p<0.001 refer to the within-treatment comparison (i.e. vs. baseline).

¢ p-Values refer to the between-treatment comparison.

b Areal BMD was not measured at the 6-month timepoint; N= 16 for alendronate at 18 months.
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Fig. 2. Percent change in femoral strength at 18 months from baseline (vertical axis) vs. percent change in volumetric integral BMD (A), areal BMD for the total hip region (B), vol-
umetric trabecular BMD (C), and volumetric peripheral BMD (D), for patients treated with either teriparatide or alendronate.

for a given change in peripheral volumetric BMD, on average femoral
strength increased more for teriparatide than for alendronate.

While no statistically significant difference in femoral strength
was detected between the two treatment groups, the strength-to-
(integral) volumetric BMD ratio increased from baseline in the teri-
paratide group (4.0%, p=0.04 vs. baseline) but did not change in
the alendronate group (p=0.83) (Fig. 3). This finding indicates
that, for teriparatide only, the change in femoral strength was great-
er than the change in integral volumetric BMD.

Discussion

Given the lack of any comparator fracture-outcome data for teri-
paratide compared to alendronate, we used finite element analysis
of CT scans to gain unique clinical insight into the relative biomechan-
ical effects of these two treatments in postmenopausal women with
osteoporosis. The results showed that trabecular volumetric BMD in-
creased more for the women treated with teriparatide than alendro-
nate, and for teriparatide treatment, peripheral volumetric BMD
decreased compared to baseline. By contrast, minimal changes were
seen in any of the QCT or strength outcomes for alendronate. While
the femoral strength did not increase in a statistically significant fash-
ion in the women treated with teriparatide, overall femoral strength
increased more (from baseline) than did integral density. That is
to say, for the teriparatide-treated women, the overall biomechanical
effect was greater than the overall densitometric effect. Thus, while
we could not detect any differences in strength between the treat-
ments in this small sample, we did observe a number of differences
between the two treatments in the underlying biomechanics and in
the relations between femoral strength and volumetric BMD.

Consistent with our findings, other clinical studies of teriparatide
have also reported decreases in peripheral or cortical volumetric
BMD [1, 28, 29]. Our finite element analyses indicated that these de-
creases in peripheral volumetric BMD did not necessarily result in a

decrease of femoral strength, consistent with results from other bio-
mechanical studies [19, 29]. Indeed, on average, for a given change
in peripheral volumetric BMD, we found that femoral strength in-
creased more for teriparatide than for alendronate, presumably be-
cause the changes in trabecular volumetric BMD that did occur for
teriparatide had a greater influence on changes in strength than did
the changes in peripheral BMD. This result was also consistent with
our finding that the correlation coefficient between change in femoral
strength and change in trabecular volumetric BMD was higher for ter-
iparatide than for alendronate.
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Fig. 3. Median percent change (25th, 75th interquartile range) in total hip strength,
volumetric BMD and strength to density ratio at 6 months and 18 months. In each
box, the line represents the median, upper end of the box is the 75th interquartile
range, and lower end of the box is the 25th interquartile range. *p < 0.05 refer to the
within-treatment comparison (i.e. vs. baseline). ALN, alendronate; TPTD, teriparatide.
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Although the underlying biological mechanisms of these trends are
difficult to pinpoint, any decrease in cortical volumetric BMD as
detected by QCT is thought to reflect an underlying increase in Haver-
sian remodeling resulting in cortical porosity [30, 31] and/or endosteal
expansion with new bone that is not fully mineralized [29-31]. In the fi-
nite element analyses for the assumed sideways-fall loading conditions,
as well as in equivalent cadaver experiments [32], failure of the femur
often started at the superior-lateral aspect of the base of the femoral
neck. In this region, the cortex is very thin [33] and, much like the
thin vertebral cortex [34], likely lacks sufficient thickness for the forma-
tion of Haversian canals. Without any Haversian remodeling, it is possi-
ble that the porosity of the thin cortex is not altered by teriparatide
treatment. If this is the case, and if the volumetric BMD of the adjacent
trabecular bone in this region increases, then it is biomechanically fea-
sible that overall femoral strength can increase even if there is an in-
crease in the porosity of the cortical bone elsewhere.

This study has a number of limitations. Most importantly, the sam-
ple size for this exploratory study was small, which diminished statis-
tical power and compromised our ability to detect statistically
significant differences in overall femoral strength between the two
therapies or differences from baseline. However, given the small
size of our cohort, the lack of such an effect for alendronate is not in-
consistent with clinical data on fracture efficacy. In the Parathyroid
Hormone (PTH1-84) and Alendronate for Osteoporosis (“PaTH”)
study [19], which used a larger sample size than the current study,
there were statistically significant increases in femoral strength of
2.08% at 12 and 3.60% at 24 months respectively, for those women
treated continuously with alendronate. In another study that used fi-
nite element analysis of CT scans to assess femoral strength changes
after 12 months of treatment with either ibandronate or placebo
(both groups given calcium and vitamin D) [18], femoral strength at
12 months decreased substantially compared to baseline (~4%,
p<0.05) in the placebo group and changed in a non-significant fash-
ion (~2%) for the ibandronate group, the relative change in femoral
strength for treatment vs. placebo being statistically significant.
Taken together these results suggest a modest positive effect on fem-
oral strength for such bisphosphonates as alendronate and ibandro-
nate. Since the same type of finite element analysis was used in the
current study as in the “PaTH” and ibandronate studies, the most rea-
sonable explanation for any disparity between these various studies
is the inevitable difference in the cohort demographics and sizes.
For this reason, the results for the current study are best interpreted
in a comparative sense between the two treatments investigated,
and care should be taken when comparing results across different
studies because of the inevitable cohort effects.

An additional limitation was the rather coarse scan resolution,
particularly for assessment of the cortical bone. Since the scans used
in this study had a reconstructed slice thickness of 3 mm, these
scans had limited ability to describe the morphology of the cortex —
and thus changes in morphology — for those regions where the cortex
was thin [35,36]. Such resolution effects could also have diminished
our ability to detect changes in overall femoral strength. For example,
in a preliminary report of a small study (n=20) on the effects of ter-
iparatide on femoral strength of osteoporotic women but which used
1 mm slice thickness, highly statistically significant differences versus
baseline were detected at 12 months [37]. This discrepancy with
the current results could be a cohort or resolution effect. Inevitable
repeatability errors also confound precise comparisons across studies,
particularly when comparing percent changes across studies. Al-
though we have no short-term clinical precision data for the imple-
mentation of this finite element technique, our intra-operator error
was 1.5% [19], and others have reported a measurement precision of
1.9% in cadaver femurs [38]. Errors in measures of percent change
will be larger than these precision errors.

When interpreting these data clinically, it should also be noted
that there are no clinical data that can confirm that treatment-

induced changes in femoral strength, as estimated by finite element
analysis, are predictive of changes in fracture risk. It has been pro-
posed that reducing bone turnover and inhibiting “stress risers” is
an important mechanism by which anti-resorptive therapies reduce
fracture risk [39, 40]. Our finite element models did not contain any
such effects for either treatment nor was there any adjustment for
any possible changes in the microstructure or the strength or elastic
tissue-level material properties resulting from treatment. Biome-
chanical testing and higher-resolution finite element analyses of trea-
ted animals have so far not shown any such treatment effects on
either strength or elastic tissue-level material properties for either
teriparatide or alendronate [41-43]. While some animal studies
have shown reduced tissue-level material toughness after treatments
with bisphosphonates, other studies have not shown such effects
and any whole-bone biomechanical significance of such tissue-level
changes is not clear since such changes have not been associated
with reduced whole-bone strength [43]. Since our models did not
contain any such possible tissue-level treatment effects, our results
should be interpreted with this limitation in mind.

In summary, after 18 months of treatment, the change in femoral
strength for teriparatide from baseline, as estimated by finite element
analysis of CT scans, was accompanied by a biomechanically favorable
increase in trabecular volumetric BMD and a biomechanically less im-
portant decrease in peripheral volumetric BMD, whereas no such
changes in volumetric BMD were detected for alendronate. Despite
these treatment-specific compartmental responses, we were unable
to detect a difference between treatments in overall femoral strength,
although strength increased more than did integral volumetric BMD
for treatment with teriparatide.
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