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ABSTRACT: Because of the broad availability of efficacious osteoporosis therapies, conduct of placebo-
controlled trials in subjects at high risk for fracture is becoming increasing difficult. Alternative trial designs
include placebo-controlled trials in patients at low risk for fracture or active comparator studies, both of which
would require enormous sample sizes and associated financial resources. Another more attractive alternative
is to develop and validate surrogate endpoints for fracture. In this perspective, we review the concept of
surrogate endpoints as it has been developed in other fields of medicine and discuss how it could be applied
in clinical trials of osteoporosis. We outline a stepwise approach and possible study designs to qualify a
biomarker as a surrogate endpoint in osteoporosis and review the existing data for several potential surrogate
endpoints to assess their success in meeting the proposed criteria. Finally, we suggest a research agenda
needed to advance the development of biomarkers as surrogate endpoints for fracture in osteoporosis trials.
To ensure optimal development and best use of biomarkers to accelerate drug development, continuous dialog
among the health professionals, industry, and regulators is of paramount importance.
J Bone Miner Res 2008;23:1155–1167. Published online on March 3, 2008; doi: 10.1359/JBMR.080301

Key words: osteoporosis, surrogate endpoint, clinical trial, fracture, biomarker

FUTURE NEEDS FOR
OSTEOPOROSIS TREATMENT

APPROVED OSTEOPOROSIS THERAPIES reduce the risk of
vertebral fractures by 40–70%, and some also reduce

the risk of nonvertebral fractures by 20–35% and/or hip
fracture by 40–50%.(1) Although highly efficacious, cur-
rently approved therapies do not eliminate fractures en-
tirely. Moreover, compliance with current therapies is low,
and thus optimal antifracture efficacy may not be achieved
in clinical practice.(2,3) Taken together, these observations
indicate that there is a need for new therapies that provide
better prevention of fragility fractures, particularly with re-
gard to nonvertebral fractures.

CHALLENGES OF NEW CLINICAL TRIALS IN
OSTEOPOROSIS: THE NEED FOR

SURROGATE ENDPOINTS FOR FRACTURE

Regulatory agencies currently require 2- or 3-yr trials
with fracture as the primary endpoint to show the efficacy
of new therapies for osteoporosis.(4,5) Accordingly, the an-
tifracture efficacy of drugs that are currently approved for

the treatment of postmenopausal osteoporosis has been es-
tablished in placebo-controlled trials performed in patients
with high to moderate fracture risk, based on prevalent
fractures and BMD. The primary endpoint of these trials
was either incident vertebral fractures, nonvertebral frac-
tures, or hip fractures over 3 yr.

Given the broad availability of effective drugs to treat
osteoporosis, initiation of new placebo-controlled trials for
new osteoporosis therapies that enroll moderate to high-
risk patients is viewed as unethical in many countries.(6,7)

As a result, obtaining ethical committee and patient ap-
proval for these types of studies has grown increasingly
challenging. Alternatives to the current paradigm for estab-
lishing antifracture efficacy of a new therapeutic agent in-
clude (1) conducting a placebo-controlled trial in subjects
with low risk for fracture, a study design that is subject to
criticism regarding whether the results could be extrapolat-
ed to patients at high risk for fracture, or (2) conducting a
randomized trial comparing the new therapy with a cur-
rently approved drug that has shown consistent and robust
antifracture efficacy, a so-called “active comparator trial,”
with either a noninferiority or superiority design, in patients
with moderate to high risk for fracture. In both cases, the
primary endpoint would be fracture, and the required
sample sizes would be very large, on the order of 6000–The authors state that they have no conflicts of interest.
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30,000 subjects for 3 yr,(6) compared with 2000–8000 pa-
tients for 3 yr for previous phase III trials. These numbers
imply significant costs that may jeopardize the development
of new therapeutic agents in osteoporosis.

Another more attractive alternative would be the devel-
opment and subsequent use of biomarkers that could serve
as surrogate endpoints for fracture in clinical trials. Gener-
ally, clinical trials that use surrogate endpoints can be con-
ducted faster, cheaper, and more efficiently than those with
clinical endpoints, although there are drawbacks to this ap-
proach.(8) In this perspective, we briefly review the concept
of surrogate endpoints as it has been developed in other
fields of medicine and discuss how this concept could be
applied in clinical trials of osteoporosis.

GENERAL DEFINITION AND VALIDATION
CRITERIA FOR BIOMARKERS AND

SURROGATE ENDPOINTS

The ethical and statistical framework for conducting
studies to determine the clinical benefits and risks of a
treatment are well established. However, in the past two
decades, interest in developing methodologies suitable for
studying whether a biological parameter might serve as a
substitute for a clinical event or outcome in studies testing
the efficacy and safety of new therapies has grown mark-
edly.

Until recently, terminology for describing the potential
substitution of biological parameters as clinical endpoints
was imprecise and inconsistent. In 2001, an NIH working
group provided general definitions and recommended stan-
dardized terminology that are applicable across diseases
and disciplines,(9) as follows:

Biological marker (biomarker): a characteristic that is ob-
jectively measured and evaluated as an indicator of nor-
mal biological processes, pathogenic processes, or phar-
macologic responses to a therapeutic intervention

Clinical endpoint: a characteristic or variable that reflects
how a patient feels or functions or how long a patient
survives

Surrogate endpoint: a biomarker intended to substitute for
a clinical endpoint

In some fields, biomarkers are already being used to
identify subgroups of patients that respond differently to a
particular therapy and to enhance early diagnosis of dis-
ease. In addition, there is a strong and growing interest in
assessing whether, and under what conditions, biomarkers
may be used to guide dose selection in phase II trials and/or
substitute for a primary endpoint in phase III trials.(8,10,11)

Indeed, biomarkers have been used as surrogate endpoints
in a many areas of medicine, including assessment of viral
load in AIDS, glycosylated hemoglobin A1c (HbA1c) for
non–insulin-dependent diabetes, and various surrogate
endpoints in cardiovascular disease.(12) In the cancer field,
over one half of recent approvals by the European Medi-
cines Agency (EMEA) have been based on the surrogate
endpoint of “response rate” rather than clinical endpoints
such as overall, disease-free, or progression-free sur-
vival.(13)

Although there are no rigid guidelines for validating
biomarkers as surrogate endpoints, several principles
for evaluating the usefulness of biomarkers have
emerged.(8,14,15) Generally, if biomarkers are to be used as
regulatory tools, they must meet technical requirements for
accuracy and precision, be consistent with the pathophysi-
ology of the disease (i.e., have biological plausibility), and
be associated with the clinical outcome. Supportive studies
include epidemiologic evidence that a biomarker is a strong
risk factor for the disease under study, as well as confirma-
tion that it is directly modified by the intervention. More-
over, the effects of treatment on the biomarker should ex-
plain a substantial proportion of, or be strongly associated
with, the effects of treatment on the clinical endpoint. The
extent to which a biomarker is appropriate for use as a
surrogate endpoint in evaluating a new treatment depends
on the degree to which the biomarker can reliably predict
the clinical benefit of that therapy compared with standard
treatment of care or other approved therapy.

The approach to analyzing the relationship between a
biomarker and clinical endpoints generally begins with a
simple model characterizing the relationship between treat-
ment, biomarker, and clinical endpoint (Fig. 1). These mod-
els characterizing the relationship between treatment, bio-
marker, and clinical endpoint can be used to quantify the
extent to which treatment effects are mediated by the sur-
rogate endpoint. Generally, to be a “valid” surrogate end-
point, the biomarker must be associated with, or predict a
change in, the clinical outcome. The two main approaches
to statistical evaluation of surrogate endpoints include
analysis of single trials and analysis of multiple trials (meta-
analytic approaches).

Approaches using single trials

In 1989, Prentice(16) proposed the first formal method for
testing the statistical validity of a surrogate endpoint using
a single trial, which relied on an “all or nothing” criteria in
terms of validation. This was followed in the 1990s by the
introduction of a graded criterion for validation of surro-
gate endpoints using single trials, termed the “proportion of
treatment effect” (PTE).(17,18) The PTE reflects the pro-

FIG. 1. Models characterizing the relationship between treat-
ment, biomarker (or surrogate endpoint), and clinical outcome.
(A) A “perfect surrogate,” where the biomarker mediates all of
the effect of the treatment on the clinical outcome. (B) The more
likely situation where the biomarker mediates some, but not all, of
the effect of the treatment on the clinical endpoint.
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portion of treatment effect that is mediated by the surro-
gate endpoints and is defined as the ratio of the amount by
which a treatment effect on the clinical endpoint is changed
after including a surrogate endpoint in the model to the
unadjusted treatment effect on the clinical endpoint.
Whereas this approach is appealing, it has been criticized
because of conceptual and mathematical concerns.(10,19–21)

Approaches using multiple trials

In the mid- to late 1990s, use of simultaneous analysis of
multiple trials to assess the validity of surrogate endpoints
was proposed.(19,22) These approaches can accommodate
analyses that use both trial-level and individual-level data
to determine the association between the surrogate and
true endpoint.(23–25) Combining results from multiple stud-
ies through meta-analyses may provide a more robust
evaluation of a potential surrogate endpoint than using re-
sults of single study.(10,21) Furthermore, meta-analyses may
be particularly helpful when the available studies evaluate
effects of different classes of interventions on biomarker
and clinical endpoints.

Other approaches to characterizing the relationship be-
tween treatment, biomarker, and clinical endpoint include
models that combine multiple biomarkers or repeated mea-
surements of a single biomarker (i.e., “joint models”),(21,26)

and most recently, information theory to create a unified
framework for surrogate endpoint evaluations.(27) Whereas
many methods for validation of surrogate endpoints have
been proposed and are under study, presently there is lack
of consensus regarding the optimal statistical approach to
evaluate potential surrogate endpoints.(21,23,28) It should
also be noted that, although statistical approaches are nec-
essary to evaluate surrogate markers, these are not the only
factors, because key clinical and biological observations
must be considered in a comprehensive validation of a po-
tential surrogate endpoint.(14)

DEFINITION AND VALIDATION CRITERIA
FOR BIOMARKERS AND SURROGATE

ENDPOINTS IN OSTEOPOROSIS

For osteoporosis, the clinical endpoint is fracture, be-
cause fractures are responsible for the morbidity and excess
mortality caused by the disease. Potential biomarkers in-
clude image-based assessment of skeletal fragility, as well as
circulating levels and urinary excretion of biochemical
markers of bone turnover (BTMs). An ideal surrogate end-
point would be a biomarker that explains most of the an-
tifracture efficacy of a given therapeutic agent. The optimal
study to validate a surrogate endpoint for fracture would be
a randomized, placebo-controlled trial with fracture out-
comes in which the biomarker is measured in all subjects at
baseline and during treatment (i.e., concurrent with an on-
going phase III trial).

Because most phase III trials in osteoporosis enroll thou-
sands of subjects, depending on the particular biomarker,
this approach will require extensive financial resources and
relatively long duration. Moreover, this approach would
“validate” the surrogate endpoint in a drug trial for which

there was already a fracture endpoint, thereby negating the
need for the fracture surrogate except for future drug de-
velopment. Because this study is unlikely to be undertaken,
below we propose an alternative, step-wise approach to in-
vestigate the potential of developing biomarkers that may
substitute as surrogate endpoints for fracture in clinical tri-
als.

At the outset it is presumed that all biomarkers under
consideration, both biological and imaging-based methods,
would meet established standards for accuracy, precision,
and reliability. In addition, the biomarker methodology
should have established quality control procedures, stan-
dardized data acquisition, and analysis, as well as methods
for cross-calibration of devices at different clinical centers,
as appropriate.

Step 1: show biological plausibility (i.e., relationship
between biomarker and pathogenetic mechanisms
leading to increase skeletal fragility)

The mechanisms underlying skeletal fragility associated
with osteoporosis are multifactorial. Thus, a potential bio-
marker may be associated with various factors associated
with skeletal fragility, including abnormalities of bone
turnover, decreased bone mass, or alterations in bone mi-
cro- and macroarchitecture.(29,30) Studies establishing the
biological plausibility of a biomarker in osteoporosis could
include clinical observational studies, preclinical studies,
and experiments using human cadaveric specimens. The
biomarker could reflect aspects of the disease process and/
or the severity of the disease state at a given point in time.

Step 2: show significant association between
biomarker and fracture in the target population

Two different study designs could be used to show a
significant association between the biomarker and fracture
risk in the target population: (1) cross-sectional, case-
control study or (2) a prospective longitudinal study. A
typical cross-sectional study would compare values of the
biomarker in postmenopausal women with one or more
vertebral fractures to values in an age-matched control
group of women with no prior history of fracture. However,
the biomarker may be influenced by the fracture event, and
moreover, case-control studies cannot control for all poten-
tial confounders. For example, BMD may decline in indi-
viduals with fracture because of reduced activity after the
fracture and therefore the assessment of fracture cases ver-
sus controls will be biased in favor of low BMD being as-
sociated with fracture. Thus, longitudinal study designs are
preferred.

In a longitudinal study, the biomarker is measured before
the fracture occurs. The most common study designs in-
clude (1) a prospective cohort, in which the biomarker is
measured in all individuals at baseline who are then fol-
lowed prospectively for fracture, and (2) a nested case-
control study within a prospective cohort, in which the bio-
marker (which was collected at baseline) is subsequently
measured in all or a subset of individuals in the cohort who
suffered a fracture and compared with subjects who did not
suffer a fracture in the follow-up period. The prospective
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cohort design has been used in several large studies (i.e.,
Study of Osteoporotic Fractures, DUBBO, Rotterdam,
OFELY, MrOS) to show that low BMD is associated with
fracture.(31,32) In comparison, the nested case-control de-
sign has been used to show the association between fracture
and bone turnover(33) or radiographically derived indices of
bone fragility.(34) Although the prospective cohort design
provides the most robust assessment of associations with
fracture, it requires a large sample size (although this de-
pends on the type of fracture to be studied), several years of
follow-up, and that the biomarker be measured in all indi-
viduals. In comparison, if the biomarker was collected at
baseline (although maybe not analyzed to save costs), a
nested case-cohort design is more efficient because the bio-
marker is measured retrospectively only in a subset of in-
dividuals, and because fractures have already occurred, no
additional follow-up time is needed.

In conclusion, the time frame for showing a significant
association between a new biomarker and fracture risk in
untreated patients can vary dramatically depending on
availability of biomarker data in existing cohorts with lon-
gitudinal follow-up. If biomarker data were acquired at
baseline and stored (i.e., serum or urine samples or image
data), the time to establish a relationship with fracture risk
through a nested case-cohort study is relatively short. In
contrast, if new data acquisition in a new cohort is needed,
establishing an association with fracture risk can take sev-
eral years of follow-up to accumulate sufficient number of
fracture cases.

Step 3: show that the biomarker changes
consistently in response to therapy, preferably in a
predictable and dose-dependent fashion that agrees
with the known mechanism of action of the
therapeutic intervention

To show that the biomarker changes in response to
therapy, one could conduct a trial with a study design simi-
lar to most phase II trials—a randomized, placebo-
controlled trial with multiple doses. The trial could be con-
ducted in subjects with low or moderate risk of fracture, as
long as the mechanism of action of the drug does not differ
according to the severity of the disease. The study duration
could vary with the responsiveness of the biomarker. For
example, bone turnover markers generally respond quickly
(i.e., within days or weeks) to an intervention, whereas im-
aging-based techniques may require a study duration of
several months to more than a year. Inclusion of multiple
doses and other drugs with either similar or different
mechanisms of action is desirable, because the ideal bio-
marker will exhibit a dose–response relationship and will
change in a predictable fashion with the known mechanism
of action of the intervention.

Step 4: show that changes in the biomarker with
treatment explain a substantial proportion of the
antifracture efficacy

A few different study designs could be used to show that
treatment-induced changes in the biomarker explain a sub-
stantial proportion of the antifracture efficacy of a drug.

The key elements of these types of studies are that the
biomarker is measured in all individuals and that fractures
are included as an endpoint. Traditionally, this would be a
placebo-controlled study in high-risk patients; however, as
mentioned previously, these types of studies are becoming
increasingly difficult because of ethical concerns associated
with the wide availability of effective therapies. Thus, the
alternatives are to conduct an active comparator study in
subjects with high risk of fracture or a placebo-controlled
trial in subjects with low- to moderate-risk of fracture.

An advantage to the active comparator trial is that there
is likely to be adequate number of fractures and therefore
good statistical power to show an association between
changes in the biomarker and reductions in fracture risk.
However, the lack of a placebo group limits these estimates
because the proportion of treatment effect cannot be com-
puted without a placebo group.(35) Conversely, a placebo-
controlled trial in a population with a low to moderate risk
of fracture would enroll several thousands of patients, and
the analysis of the treatment effect on the biomarker would
be adequately analyzed retrospectively in patients with in-
cident fractures compared with a matched subgroup of pa-
tients without incident fractures in both treatment groups.

CRITICAL REVIEW OF SELECTED
BIOMARKERS IN OSTEOPOROSIS

In this section, we attempt to evaluate how well the cri-
teria outlined above have been met for several established
techniques, such as BMD by DXA and BTMs, as well as for
new potential biomarkers, including vBMD and geometry
by QCT, trabecular microarchitecture measurements by
MRI and high-resolution pQCT (HR-pQCT), and bone
strength estimates by finite element analysis (FEA). For
each biomarker, a summary is provided for each step in
Tables 1–3, and an explanation is below. This is not meant
to be an exhaustive review of the literature but rather a
critical assessment of selected studies showing how these
biomarkers meet criteria for qualification as surrogate end-
points for fracture. Furthermore, although there are several
other techniques that seem promising for fracture risk pre-
diction and treatment monitoring, such as quantitative ul-
trasound and specialized image analysis of radiographs, a
comprehensive review of all possible techniques is beyond
the scope of this manuscript.

BMD by DXA

Biological plausibility: Bone loss caused by aging and
menopause is believed to contribute to increased skeletal
fragility. As such, measurements of bone mass and BMD
are key elements in the pathophysiology of osteoporosis
and contribution to increased fracture risk. Moreover, nu-
merous studies using human cadaveric specimens have con-
firmed a strong association between BMD and strength of
the proximal femur and vertebral bodies.(36–41)

Association with fracture in untreated patients: Several
large prospective studies have shown a consistent, strong
relationship between low BMD and increased fracture risk
in both men and women.(31,32,42,43) Although BMD at any
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skeletal site predicts fracture, hip BMD predicts hip frac-
ture more strongly than BMD measurements at other
sites.(31,44)

Change with therapy in a predictable, dose-dependent
fashion: The increase in BMD induced by most anti-
osteoporosis agents is greater in skeletal sites enriched in
trabecular bone than in those with predominant cortical
bone. The increase is usually greatest at the lumbar spine,
followed by the trochanter, then the total hip, and is limited
at the femoral neck. Except for hormone replacement
therapy (HRT) and denosumab, there is either no change
or a decrease in BMD measured by DXA at the forearm.
With antiresorptive agents, one half of the gain of BMD is
achieved within 6–12 mo, followed by a slower increase
over years. A dose-dependent increase in BMD has been
shown at all skeletal sites in numerous studies with oral,
transdermal, and intranasal HRTs.(45–47) Data are limited
with raloxifene, which produces a small (2%) increase in
BMD at the spine, hip, and total body.(48) A clear dose-
dependent increase in BMD at the spine and hip has been
shown with the bisphosphonates alendronate,(49–51) rise-
dronate,(52,53) and ibandronate,(54,55) as well as with stron-
tium ranelate.(56–58) A few studies also showed dose-
dependent changes in BMD after PTH treatment.(59,60)

Explain a substantial proportion of antifracture efficacy:
Several studies have examined the association between
treatment-related changes in BMD and reduction in frac-
ture risk.(61–71) All these studies showed that the change in
BMD during treatment is significantly associated with frac-
ture risk reduction. However, the strength of that associa-
tion varies with the analytical approach (i.e., meta-analysis
versus single trial), fracture type (i.e., vertebral versus non-
vertebral versus hip), and therapeutic agent.

For example, although one meta-analysis suggested that
much of the reduction in vertebral fracture risk associated
with antiresorptive therapy could be explained by increases
in BMD,(62) other studies reported that <30% of the reduc-
tion in vertebral fracture risk after antiresorptive treatment
was explained by the increase in BMD.(63–65) Similar vari-
ability has been reported for the association between the
change in BMD and reduction in nonvertebral fracture risk
after antiresorptive therapy.(66,68)

Evidence that the ability of changes in BMD to explain
antifracture efficacy may depend on the treatment is pro-
vided by a recent analysis showing that, for strontium rane-
late, the 3-yr change in either femoral neck or total hip
BMD explains ∼75% of the observed reduction in vertebral

TABLE 1. ASSOCIATION BETWEEN BIOMARKER AND FRACTURE RISK IN UNTREATED PATIENTS (STEP 2)

Study type

Biomarker

DXA-BMD BTM QCT µ-Arch QCT-FEA

Cross-sectional +++ + +++ +++ +
Longitudinal

Nested case-cohort +++ ND ND ND
Prospective +++ +++ ND ND ND

—, data exist, no relationship shown; +, evidence from one study, weak or moderate relationship; ++, data from more than one study, weak to moderate
relationship or very strong relationship in one study; +++, data from more than one study, consistent strong association; ND, no data; BTM, bone turnover
markers; �-Arch, trabecular microarchitecture measurements by high-resolution pCT or MRI; QCT-FEA, QCT-based finite element analyses.

TABLE 2. CHANGE IN BIOMARKER WITH TREATMENT (STEP 3)

Biomarker

DXA-BMD BTM QCT µ-Arch QCT-FEA

Raloxifene + ++ + ND ND
Bisphosphonates +++ +++ ++ ND +
Teriparatide +++ +++ +++ ND +
Strontium ranelate +++ + ND ND ND

See Table 1 for definitions.

TABLE 3. ASSOCIATION BETWEEN CHANGE IN BIOMARKER AND FRACTURE REDUCTION WITH TREATMENT (STEP 4)

Biomarker

DXA-BMD BTM QCT µ-Arch QCT-FEA

Raloxifene — + ND ND ND
Bisphosphonates ++ +++ ND ND ND
Teriparatide + ND ND ND ND
Strontium ranelate ++ ND ND ND ND

See Table 1 for definitions.
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fracture risk.(70) In comparison, changes in BMD after
teriparatide treatment explain ∼30–40% of the reduction in
vertebral fracture.(69)

BTMs

Biological plausibility: The activation of bone turnover in
postmenopausal women, along with the imbalance in bone
remodeling favoring bone resorption over formation, is re-
sponsible for accelerated bone loss and deterioration of tra-
becular architecture, both of which are associated with in-
creased skeletal fragility. BTMs have been shown to reflect
the level of bone turnover as measured on iliac crest biop-
sies and calcium kinetics.

BTMs increase sharply after menopause and then remain
stable throughout life.(72) In postmenopausal women,
BTMs are negatively correlated with BMD measured by
DXA regardless of the skeletal site, BTM used, and time
elapsed after menopause.(72,73) Although the rate of bone
loss assessed by DXA in untreated women requires rigor-
ous quality control and a long follow-up,(74) several studies
have shown that high BTM levels are significantly associ-
ated with subsequent bone loss.(75–80) In summary, there is
good evidence for biological plausibility of BTMs as indices
of pathophysiology of osteoporosis.

Association with fracture in untreated patients: Increased
BTM levels predict fragility fractures at all sites indepen-
dently of age, BMD, and prior fractures in postmenopausal
women. This association has been assessed prospectively in
longitudinal cohort studies(81–89) and case-control stud-
ies.(33,90–93) The association with fracture risk is stronger for
bone resorption markers than for bone formation markers
and is weaker in the frail elderly in whom incident falls is
the strongest predictor of fractures.(91–93)

BTMs have been suggested to improve the identification
of women at high risk of fracture. Indeed, osteopenic
women with high BTM levels have a risk of fracture similar
to that of osteoporotic women based on BMD, whereas
osteopenic women with normal BTM levels have a fracture
risk that is comparable to that of postmenopausal women
with normal BMD.(87)

Change with therapy in a predictable, dose-dependent
fashion: Antiresorptive drugs rapidly reduce BTMs, reflect-
ing resorption followed by decrease of BTMs, reflecting
bone formation. The onset and magnitude of the decrease
depends on the route of administration (e.g., faster for intra-
venous than for oral bisphosphonate) and on the mechanism
of action of the antiresorptive agent that influences its
potency in inhibiting bone resorption (e.g., greater for
denosumab and bisphosphonates than for selective estrogen
receptor modulators [SERMs]). A dose-dependent decrease
of BTMs has been consistently found for HRT, SERMs,
bisphosphonates, and denosumab.(48,54,55,94–99)

The bone-forming agent teriparatide induces a marked
increase in all BTMs, reflecting the overall increase in bone
turnover seen on bone biopsies.(100) The most sensitive
BTM reflecting teriparatide effects on bone is serum N-
terminal propeptide of type 1 collagen (PINP), which shows
an early, large, and sustained increase under treatment that
correlates significantly with the subsequent increase in

BMD measured by DXA and by QCT.(101–104) Strontium
ranelate induces a small decrease of serum C-terminal ex-
tension peptide of type 1 collagen (CTX) and a small in-
crease in bone alkaline phosphatase.(57)

Explain a substantial proportion of antifracture efficacy:
In retrospective nested case-control studies of phase III tri-
als with fracture as a primary endpoint, the magnitude of
the 3- to 12-mo decrease of BTMs has been shown to be
significantly associated with the fracture risk reduction in
five analyses of trials with raloxifene, alendronate, and rise-
dronate.(105–109) The proportion of treatment effect (PTE)
caused by the decrease in BTMs is not clearly established
and varies according to the antiresorptive agent. For ex-
ample, the change in bone resorption markers accounted
for 50% of risedronate’s effects in reducing vertebral frac-
ture risk in the first year and approximately two thirds over
3 yr.(106) This is greater than the PTE because of the in-
crease in BMD after therapy (∼28% for 2-yr change in
BMD(65)), but the CIs of these estimates for BTMs are
quite large because they were measured only in a subset of
the subjects in the trial.

Interestingly, the relationship between BTM changes and
fracture risk is similar for placebo and antiresorptive-
treated patients, in contrast to the BMD/fracture relation-
ship.(109,110) There are no studies relating BTM changes
and fracture risk reduction with strontium ranelate or with
teriparatide.

Bone morphology and vBMD by QCT

Biological plausibility: BMD, bone size, and bone mor-
phology are important determinants of whole bone
strength.(111) Therefore, it is plausible that QCT-derived
measurements of trabecular and cortical vBMD, as well as
3D characteristics of bone morphology, will reflect osteo-
porosis pathophysiology and disease status. In support of
this, numerous studies using human cadaver specimens
have shown strong relationships between QCT-derived
vBMD and morphology and femoral(112–114) and vertebral
strength.(39,115–120)

Association with fracture in untreated patients: Although
there are limited prospective studies,(121) numerous case-
control studies have shown significant differences in QCT-
derived vBMD and geometry among individuals with prior
vertebral or hip fracture compared with age-matched con-
trols with no prior history of fracture.(122–128)

Change with therapy in a predictable, dose-dependent
fashion: Treatment-induced changes in vBMD and mor-
phology assessed by QCT vary with therapy and skeletal
site.(129–135) Teriparatide treatment leads to marked gains
in vertebral trabecular BMD that are greater than those
observed with alendronate.(130,131,133) For example, after 18
mo, vertebral trabecular BMD increased 19% versus 3.8%
in postmenopausal women treated with teriparatide or
alendronate, respectively.(133) Treatment-induced changes
in vBMD and morphology at the hip are generally smaller
in magnitude and results are less consistent than at the
spine. For example, teriparatide and alendronate had simi-
lar effects on increasing femoral neck trabecular vBMD
(∼2–5%), whereas cortical vBMD increased more with
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alendronate than teriparatide.(133) Other studies have
shown that, although cortical vBMD at the hip increases
more with alendronate than PTH, cortical volume in-
creased to a greater extent with PTH, suggesting the pres-
ence of more, but less mineralized bone after PTH com-
pared with alendronate.(130) Raloxifene has been shown to
induce small increases in vertebral BMD in comparison
with placebo.(132) There are no studies showing dose-
related changes of bone density/geometry induced by any
anti-osteoporotic drug.

Explain a substantial proportion of antifracture efficacy:
To date, no clinical trials with fracture as an endpoint have
included assessment of geometry or vBMD by QCT, and
therefore, no studies have reported the proportion of treat-
ment effect explained by a QCT-based measurement.

Trabecular microarchitecture by MRI or HR-pQCT

Biological plausibility: Bone loss along with deterioration
of trabecular and cortical bone microarchitecture are hall-
marks of osteoporosis.(136–138) Trabecular bone architec-
ture deteriorates and cortical thickness declines with in-
creased age, because of the imbalance in bone remodeling
that favors bone resorption over bone formation. Clinical
studies, comparing subjects with and without fracture, have
suggested that microarchitectural deterioration, as assessed
by iliac biopsy, contributes to fracture risk independent of
bone mass.(139–141)

Association with fracture in untreated patients: Several
case-control studies confirmed that trabecular bone micro-
architecture, measured at peripheral skeletal sites either by
MRI(142–146) or HR-pQCT,(128,147–149) differs between frac-
ture cases and controls. There are no prospective studies
showing an association between microarchitecture assessed
by MR or HR-pQCT and fracture.

Change with therapy in a predictable, dose-dependent
fashion: One study, the QUEST trial of nasal salmon cal-
citonin, has shown treatment-induced changes in bone mi-
croarchitecture in postmenopausal women, as measured in
vivo by high-resolution MRI.(150) Consistent with the pro-
posed mechanism of action of this antiresorptive, there
were minimal changes in the calcitonin group, but decreases
in the placebo group, resulting in significant treatment-
induced changes in microarchitecture when the two groups
were compared. In another study, significant improvements
in trabecular microarchitecture, assessed at the distal tibia
by high-resolution MRI, were seen after treatment of hy-
pogonal men with testosterone for 2 yr.(151) There are no
studies showing treatment-related changes in trabecular ar-
chitecture as measured by HR-pQCT. No studies have
shown dose–response relationships for changes in trabecu-
lar architecture with treatment.

Explain a substantial proportion of antifracture efficacy:
To date, no clinical trials with fracture as an endpoint have
included assessment of trabecular microarchitecture by in
vivo methods, and therefore, no studies have reported the
proportion of treatment effect explained by a change in
microarchitecture.

Bone strength estimates by finite element analysis

Biological plausibility: The finite element (FE) method
was first applied to structural analysis in the 1950s,(152) and
it has since been widely used in nearly every engineering
and engineering-related field because it can provide the
ability to estimate how an object with a complex geometri-
cal shape (e.g., a whole bone) behaves when it is subjected
to external loads. Current clinical implementation of FEA
is generally based on 3D-QCT scans, where each voxel of
the CT scan is converted to an element in the finite element
model.(153–156) This approach should theoretically be able
to represent a bone’s 3D geometry and the heterogeneous
distribution of BMD and material properties, subject, of
course to the limitations association with the resolution of
the image data, the assumptions necessary to convert QCT
density data to material properties, and the choice of external
loads applied to the model.(157) Laboratory studies using hu-
man cadaveric specimens have shown that predictions of
whole bone strength using this approach are strongly corre-
lated with vertebral(118–120) and femoral strength.(113,158,159)

In summary, QCT-based FEA, because of its ability to re-
flect bone geometry and bone mass distribution in a biome-
chanically relevant fashion and its strong association with
bone strength in vitro, is considered to have high association
with skeletal fragility and disease severity and therefore
meets criteria for biological plausibility.

Association with fracture in untreated patients: Two case-
control studies have shown the ability of patient-specific
QCT-based FE models of the lumbar spine to discriminate
postmenopausal women with vertebral fractures from age-
matched controls with no fracture.(128,153) In contrast, a
case-control study comparing stiffness of the proximal fe-
mur derived from QCT-based FEA in postmenopausal
women with recent hip fracture to controls with no fracture
showed no differences according to fracture status.(123)

There are no prospective studies testing the ability of QCT-
based FEA to predict fracture risk.

Change with therapy in a predictable, dose-dependent
fashion: There are no studies showing a dose-dependent
relationship between treatment and FE-predicted bone
strength outcomes. However, two studies have shown
changes in FE-predicted bone strength after therapeutic
intervention. In the first, QCT-based FE models of the lum-
bar spine were performed at baseline and after 6 and 18 mo
of treatment with teriparatide or alendronate in postmeno-
pausal women.(156) Both teriparatide and alendronate were
associated with significant increases in vertebral bone
strength parameters at 6 mo, although changes in the
teriparatide group were greater than alendronate. QCT-
based FEA has also been used to evaluate changes in
strength parameters of proximal femur in a sideways fall
configuration after bisphosphonate or teriparatide treat-
ment.(160)

Explain a substantial proportion of antifracture efficacy:
To date, no clinical trials with fracture as an endpoint have
included bone strength estimates by FEA as an outcome,
and therefore, no studies have reported the proportion of
treatment effect explained by a change in FE-based predic-
tions of bone strength.
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DISCUSSION

In this perspective, we argue that there is an urgent need
to develop surrogate endpoints for fracture and introduce
concepts related to the use of biomarkers as surrogate end-
points in osteoporosis. Whereas many concepts are univer-
sal across disease categories, there are several issues specific
to the application of surrogate endpoints in osteoporosis
that require further consideration.

An important question is whether any biomarker or set
of biomarkers will be valid across different classes of drugs,
either with the same or differing mechanisms of action. The
question is whether, after validation of a biomarker based
on an accepted clinical endpoint (i.e., fracture), could the
biomarker be used as an endpoint for registration of a new
therapy of the same or differing mechanism of action? A
key consideration is whether the interaction between the
potential surrogate endpoint and the mechanism of action
of the drug is well understood. This is particularly impor-
tant for biological markers, such as bone turnover, which
decrease, increase, and are relatively unchanged after anti-
resorptive, teriparatide, and strontium ranelate interven-
tions, respectively. It is possible that an imaging biomarker,
such as prediction of bone strength by FEA, which inte-
grates the material and structural effects of the treatment,
may be less sensitive to the biological mechanism of action
of the intervention.

It is difficult to evaluate existing data to get a sense of
whether currently available biomarkers show potential to
be validated across different classes of treatments. Most of
the existing studies have examined the ability of BMD and/
or bone turnover markers to explain fracture reduction af-
ter antiresorptive therapies, mainly oral bisphosphonates.
Other antiresorptive agents, such as intravenous bisphos-
phonates, SERMS, and denosumab, may have similar ef-
fects, although this needs to be more thoroughly tested.
Moreover, there is limited data evaluating the ability of
BMD and bone turnover markers to explain the antifrac-
ture efficacy of drugs with anabolic or other mechanisms of
action. Thus, it is quite plausible that, if a biomarker were
validated for a given bisphosphonate, it could be accepted
as a surrogate endpoint for trials of a new bisphosphonate.
However, it is less likely that the same validated surrogate
endpoint would be easily accepted for a trial of a new ana-
bolic or dual-action agent, although this is not impossible
depending on the nature of the biomarker.

A second important question is whether a biomarker
could be valid across different fracture types or will a dif-
ferent biomarker be needed for vertebral, nonvertebral,
and hip fractures? Because they reflect bone remodeling
activity in the entire skeleton, BTMs are more likely to be
able to reflect a variety of clinical endpoints than an imag-
ing endpoint, which may have greater skeletal site specific-
ity. Ideally, a combination of biomarkers might provide a
surrogate endpoint that would be valid for all fractures.

Furthermore, because of the multifactorial nature of
skeletal fragility, it may be that a set of biomarkers, rather
than any individual marker, will be more strongly associ-
ated with the clinical outcome and therefore the most likely
to be qualified as a surrogate endpoint for fracture. As

mentioned, an imaging biomarker along with a biological
marker, such as bone turnover, may allow assessment of
disease severity (e.g., an imaging biomarker) along with
disease activity (e.g., a bone turnover marker). Similarly,
this combination, for example, of BMD change and BTM
change with treatment, might provide a better prediction of
the antifracture efficacy of a therapeutic agent than either
biomarker alone. This possibility could be easily assessed
retrospectively from existing trial data, with the caveat that
bone turnover markers were generally measured only in
subsets of trial subjects. Complications with this approach
for new studies are the obvious expense of designing trials
with multiple imaging and biological markers and the lack
of fully validated statistical methods by which to evaluate
the ability of a set of biomarkers to reflect the clinical end-
point.

Although there is no consensus regarding the criteria that
should be achieved for statistical validation of biomarkers
as surrogate endpoints, a number of approaches, using data
from both single trials and multiple trials, have been devel-
oped and tested in other fields. An emerging trend for
evaluation of biomarkers as surrogate endpoints is to use
meta-analysis of different trials. In this case, it is imperative
to include analyses of individual patient data, because
analyses using only mean values from different trials can be
misleading.(110) However, challenges to this approach in-
clude the need to obtain patient data that often belongs to
competitors in the pharmaceutical industry, as well as the
consideration as to whether biomarkers have been acquired
and analyzed using a standardized approach in the different
trials.

Clearly a formidable research agenda lies ahead to vali-
date a biomarker or set of biomarkers as a surrogate end-
point for fracture in osteoporosis, including technical de-
velopment and testing of biomarkers in trials, as well as
advancement of the statistical methodology for their evalu-
ation. However, as we have outlined, there are already a
number of biomarkers available that are promising, al-
though currently there are limited data to assess their true
potential to serve as surrogate endpoints for fracture. To
address this limitation, several ongoing phase III placebo-
controlled trials of new therapeutic agents have included
some of these new imaging techniques and bone turnover
markers as major endpoints. These studies will provide im-
portant information about the ability of these techniques to
serve as surrogate markers. As has been done in other
fields,(21) simulations of trial datasets could be undertaken
to probe the utility of different statistical approaches for
validation of surrogate endpoints in osteoporosis trials. Ad-
ditional clinical studies are needed, and sponsors of clinical
trials with fractures as endpoints are encouraged to include
promising surrogate endpoints as outcomes. Moreover, if
meta-analyses are to be undertaken, it is imperative that
guidelines for standardized image acquisition and analyses
be developed so that data can be combined across trials.
Finally, it is time to open discussions with regulatory au-
thorities to present the arguments and strategy for devel-
opment of surrogate endpoints for fractures in osteoporosis
trials. The number of individuals suffering from osteoporo-
sis is growing worldwide, and despite current availability of
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drugs that reduce fracture risk, there is still a need to de-
velop novel therapeutics that are even more efficacious, are
more convenient, and have improved safety and tolerability
profiles.

CONCLUSIONS

In this perspective, we suggest there is an urgent need to
develop surrogate endpoints for fracture and have outlined
an approach to validate the use of biomarkers as surrogate
endpoints in osteoporosis. To ensure optimal development
and best use of biomarkers to accelerate drug development,
continuous dialog among the health professionals, industry,
and regulators is of paramount importance. Furthermore,
completion of intermediate steps to validate a biomarker as
a surrogate endpoint for fracture may also have the benefit
of showing the biomarker’s use in other clinical areas, such
as improved identification of patients at highest risk for
fracture and enhanced monitoring of treatment response.
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