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Statistical validation of surrogate endpoints:
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Abstract
In the treatment of osteoporosis using anti-resorptive agents there has been increasing interest in quantifying the relationship between fracture endpoints and surrogates such as bone mineral density (BMD) or bone turnover markers. Statistical
methodology constitutes a critical component of assessing surrogate validity. Depending on study designs, data resources, and
statistical methods used for analyses, one has to use caution when interpreting results from different analyses, especially when
results are disparate. For example, analyses based on individual patient data reported that only a limited proportion of the
anti-fracture efficacy was explained by BMD increases for agents such as alendronate, risedronate and raloxifene. Analyses
employing meta-regression based on summary statistics, however, indicated that most of the anti-fracture benefits were due
to improvements in BMD. In this paper, we review definitions of surrogate endpoints and requirements for their statistical validation. We evaluate whether BMD meets these requirements as a possible surrogate for fracture. Our review indicates that
the actual BMD value is correlated with fracture risk and thus BMD is useful in identifying patients that might need treatment. There is limited evidence to support BMD increase with anti-resorptive agents as a reliable substitute for fracture risk
reduction. Strengths and limitations for various statistical methods are discussed.
Keywords: Bisphosphonate, Correlation, Meta-analysis, Prediction, Risedronate

The fragility fracture problem
In clinical research for chronic diseases, the clinical endpoint is often disease occurrence or death. Such trials typically require a follow-up of numerous patients for years
before yielding useful results. For example, in the treatment
of osteoporosis for postmenopausal women using antiresorptive agents, assessment of the effect of a new drug regimen on the incidence of new vertebral fractures is of primary importance in judging efficacy1. Trials with fractures as
the primary endpoint require a study design that is either
very large or very long in order to demonstrate the anti-frac-
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ture efficacy. Consider a population with fracture incidence
of 10%-20%, a study requires approximately 470-1000 analyzable patients per group in order to have 90% power to
detect 40% risk reduction compared to placebo. For an
event with lower incidence such as hip fractures, the number
of patients required to detect a clinically meaningful difference increases dramatically. This requirement has been
reflected in the study designs of the pivotal studies for alendronate2-3, risedronate4-6 and raloxifene7. In contrast, bone
mineral density (BMD) changes can be demonstrated in a
study having relatively short duration and a much smaller
number of patients. Investigators and clinicians may have an
interest in making inferences about treatment effects of therapies on fractures based on the BMD outcome. Consequently,
there has been increasing interest in trying to validate BMD
change as a surrogate endpoint for fracture8-12.
Postmenopausal osteoporosis is not the only area in which
researchers are interested in exploring potential surrogates.
For example, in the area of HIV infection and AIDS, CD4
counts have been studied as a possible surrogate endpoint13.
Fleming and DeMets14 provide a summary for additional
therapeutic areas.
Over the last 50 years statistics have provided a frame-
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work for designing and analyzing clinical trials to ascertain
the benefits of a treatment in clinical endpoints as well as to
determine its effect on surrogate endpoints. Statistical
efforts, however, for evaluating whether a biological parameter is a valid surrogate endpoint only began in earnest
around 198915. Various statistical approaches have been
developed in an attempt to validate surrogate endpoints16.
These approaches have both strengths and limitations. Most
importantly, different approaches may yield different results.
For example, to possibly provide more robust and precise
estimates, meta-analyses have been recommended17.
However, results from a meta-regression based on grouplevel summary statistics gleaned from published literature
may not necessarily be consistent with results derived from a
meta-analysis employing individual patient data. Analyses
based on individual patient data have reported that only a
limited proportion (4%-28%) of the anti-fracture efficacy is
explained by BMD across three anti-resorptive agents
including alendronate, risedronate and raloxifene8-10. In contrast, a meta-regression based on summary statistics across
multiple agents from published literature reported that most
of the anti-fracture effects for osteoporosis were due to
improvements in BMD11-12. To understand this and other differences among various statistical approaches, a thorough
review of relevant statistical methods is deserved.
In this paper, we provide a general review of definitions
and relevant statistical validation methods for surrogate endpoints. The strengths and limitations of various statistical
methods are discussed. Specifically, we review statistical
analyses conducted to quantify the relationship between
BMD and fractures. Perspectives are provided on whether
BMD change may serve as a valid surrogate for fracture risk
reduction based on evidence from these analyses and from
the results of some new analyses we have conducted.

What is a surrogate?
Definition. Randomized clinical trials are the gold standard
scientific method for evaluating a new drug, device, or procedures for prevention or treatment of disease in humans. In a
clinical trial, one has to specify endpoints in the study protocol
in order to answer the questions that investigators wish to
explore. A clinical endpoint is a characteristic or variable that
reflects how a patient feels or functions, or how long a patient
survives15. Based on this definition, it is clear that a clinical endpoint must unequivocally reflect tangible benefit to patients18,
regardless of the therapeutic area. In the treatment of osteoporosis for postmenopausal women using anti-resorptive therapies, regulatory guidelines clearly indicate that an agent which
preserves or enhances bone mass only provides suggestive evidence that it may reduce fracture risk; fracture studies must be
run to document reduction of fracture incidence1. A study
using clinical outcomes such as death or fracture as the primary
endpoint typically requires either long study duration or a large
sample size in order to demonstrate any meaningful clinical
benefit. Researchers, however, want effective new treatments
available to patients as quickly as possible, provided safety is

adequately demonstrated. Surrogate endpoints constitute an
effort to realize this latter goal.
Various definitions for surrogate endpoints have been proposed over the past 15 years. As defined by Temple19,
a surrogate endpoint is a laboratory measurement or a physical sign used as a substitute for a clinically meaningful endpoint that measures directly how a patient feels, functions, or
survives. Changes induced by a therapy on a surrogate endpoint are expected to reflect changes in a clinically meaningful endpoint.
In a workshop organized by NIH16, the following definition
was recommended.
A biomarker intended to substitute for a clinical endpoint. A
clinical investigator uses epidemiologic, therapeutic, pathophysiologic, or other scientific evidence to select a surrogate
endpoint that is expected to predict clinical benefit, harm, or
lack of benefit or harm.
These definitions require that a valid surrogate endpoint
should not only correlate to the clinical endpoint, but also be
able to predict the clinical endpoint. As pointed out by
Fleming and DeMets14, "a correlate does not a surrogate
make".
From the point view of statistical validation, Prentice15 provides a definition of a valid surrogate. By his definition, a
valid surrogate is
a response variable for which a test of the null hypothesis of
no relationship to the treatment groups under comparison is
also a valid test of the corresponding null hypothesis based
on the true endpoint.
Based on this definition, two primary conditions have
been proposed by Prentice to provide guidance for how one
might approach using empirical evidence to assess validation. The first condition of ensuring the validity of a surrogate is the "correlate" requirement. That is, a valid surrogate
endpoint must be correlated with the true clinical endpoint.
This condition usually holds since potential surrogates are
often selected by searching for measures that are strongly
correlated with clinical efficacy endpoints. The second condition, which is very restrictive, requires the surrogate to
fully capture the treatment effect on the true clinical endpoint. This means that if one knows the value of a surrogate
for a patient, one would be able to determine the clinical
outcome with great certainty; i.e., knowing the treatment
allocation would provide no additional information on the
clinical outcome.
Statistical validation. Validation of a surrogate endpoint
is a complex issue. It requires not only the empirical evidence from clinical trials documenting treatment effects on
both surrogate and clinical endpoints but also a thorough
biologic understanding about the mechanisms of treatment
effect18. Statistical analyses on the existing data provide valuable insight into the relationship between surrogate and clin65
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ical endpoints. While various statistical approaches have
been proposed, it appears that all validation methods focus
on the following three requirements.
(1) A valid surrogate must be correlated with the clinical
endpoint.
(2) A valid surrogate should capture a reliable and sufficiently large portion of the treatment effect on the clinical
endpoint.
(3) A valid surrogate should be able to predict the treatment effect on the clinical endpoint.
Validation of these three requirements requires distinct
statistical approaches.
To be a valid surrogate, a measure has to first be correlated with the clinical endpoint. In practice, it is hard to imagine
a surrogate as valid if not highly correlated with the clinical
endpoint. A strong correlation with the clinical endpoint,
however, does not automatically validate the endpoint as a
surrogate, since even a strong correlation does not necessarily indicate a cause-effect relationship14. The statistical validation of this requirement is straightforward. One just conducts
a regression or correlation analysis using appropriate statistical methods (e.g., parametric or non-parametric regression
or correlation). Importantly, one must have the individual
patient data to be able to explore the relationship between
the surrogate and clinical endpoints. It is critical to recognize
that the group-level summary statistics from published literature provide no information about the underlying association
between the surrogate and clinical endpoints for patients20.
The second condition requires the surrogate endpoint to
reliably and sufficiently explain a large portion of the treatment effect on the clinical endpoint. The relevant statistical
approach was first proposed by Freedman et al.21. While the
definition and criteria of Prentice provide valuable guidance
for validating a surrogate, it has been recognized by
researchers that the criterion requiring a surrogate to fully
capture the treatment effect on the clinical endpoint is too
stringent and not straightforward to verify21,22. To overcome
this difficulty, Freedman et al. proposed to calculate the proportion of treatment effect explained by a surrogate as the
ratio of regression coefficients for the treatment indicator
from two separate models with or without adjusting for the
surrogate. In practice, a surrogate would be deemed acceptable if the lower limit of the confidence interval for the proportion was sufficiently large. While quantifying the proportion of the treatment effect explained by a surrogate is intuitively appealing, there are some limitations associated with
this concept. First, this quantity is typically subject to large
variability unless large sample sizes are available or a very
strong effect of treatment on the clinical endpoint is
observed. For this reason meta-analytical approaches have
been recommended17. Second, the two models used to calculate the proportion cannot hold simultaneously. Third, the
proportion of treatment effect could take values outside the
range of [0, 1]. To help surmount these difficulties, Li et al.10
proposed an alternative measure that is calculated within the
same model and is interpretable even when the measure
exceeds unity. In quantifying the proportion, the approach
using individual patient data has been shown to be the pre66

ferred approach compared to meta-regression based on
summary statistics since it takes into account the variability
of individual patients and is a necessary approach for valid
inference for the underlying relationship for patients20.
The third requirement focuses on the ability of the surrogate endpoint to predict the treatment effect on the clinical
endpoint. Since the focus of this condition is on treatment
effects and requires between-group comparisons, the grouplevel summary statistics are necessary for the validation of
this requirement. Typically one would conduct a so called
meta-regression in which the observed treatment differences
on clinical outcomes from an array of clinical studies are
used as response and the treatment effect on surrogates are
treated as a covariate. One must recognize that this type of
analysis cannot capture the underlying association between
surrogates and clinical outcomes for patients20. The primary
use of this analysis should be on the trial-level treatment
effect prediction rather than the causal association between
surrogates and clinical outcomes. Molenberghs et al.22-24 proposed to evaluate the prediction by the ratio between the
effect of treatment on the clinical and surrogate endpoints.

Is BMD change a valid surrogate for fracture?
There are several reasons that BMD change is considered
as a potential surrogate for fracture. Bone mass is an important determinant of bone strength and has been shown to be
strongly correlated with elastic modulus and ultimate
strength. Small changes in BMD could dramatically influence bone material properties since bone strength increases
in proportion to the square of BMD25. Similarly, increases in
BMD observed with bisphosphonate treatment also significantly contribute to bone strength. These studies were conducted using laboratory animals as well as bones obtained
from cadavers26. The World Health Organization’s (WHO)
definition of osteoporosis is based on the relationship
between low BMD and the consequent increase in bone
fragility and susceptibility to fracture. Several randomized
trials have demonstrated that anti-resorptive drugs improve
BMD and reduce the risk of fractures. Because of these reasons, there has been great interest in knowing whether BMD
change can be used as a surrogate for fracture. Herein, we
provide some perspective using the validation criteria outlined in "What is a surrogate?"
Are BMD and fractures correlated? The correlation
between BMD and fracture is the first validation requirement
that one needs to assess. However, as phrased by Guyatt et
al.27, "the surrogate must be linked causally to the outcome". A
strong correlation implies that a high fracture risk is strongly
associated with a low BMD value and changes in BMD affect
the fracture risk substantially assuming other risk factors such
as age, gender, and treatment are the same. Likewise, a weak
correlation suggests that the fracture risk is little changed by
the associated change in BMD. To understand the correlation, one has to keep other risk factors the same. For example,
it would be difficult to understand the correlation if one uses
two patients from different treatment groups since one will
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Figure 1. Expected relationship when the surrogate explains all or most of the treatment effect on the clinical outcome.

not know whether the change in risk is due to the difference
in BMD or difference in treatment. Similarly, it would be difficult to interpret the correlation between fracture risk and
BMD if patients have different baseline BMD values. To
study the correlation, individual patient data for both BMD
and fractures provide the most comprehensive information
and should be the basis for statistical analyses.
The correlation between fracture and BMD has been studied using different data resources. Observational studies suggest a two-fold increase in fracture risk per SD reduction in
BMD28. The relationship was also examined for men and
women separately based on the data from a prospective study
and the results suggested a positive association29. Based on
placebo data from the MORE trial for raloxifene, the analysis
suggested that 1 SD decrease in baseline femoral neck BMD
and baseline lumbar spine BMD significantly increased the
risk of new vertebral fracture 1.5-fold and 2-fold, respectively,
at 3 years9. All these data indicate that the fracture risk associated with BMD decreases and fracture risk associated with
BMD increases under treatment are unlikely to be the same
magnitude. To investigate how the BMD increases affect the
fracture risk, Hochberg et al. conducted an analysis based on
alendronate treated patients in the FIT study30. In their analysis, they presented 3-dimensional graphics for the incidence of
vertebral fractures for three subgroups of patients defined by
post-baseline BMD increases (BMD percent change <=0%;
>0 but <3%; >= 3%) stratified by BMD tertiles at baseline.
Based on this analysis, the authors concluded that greater
increases in BMD are associated with lower risk of new vertebral fractures. Their conclusions and the interpretation of this
analyses clearly deserve further clarification since their published graphs serve to punctuate not only the post-baseline

BMD increases but also the importance of the baseline BMD.
For example, patients in the lowest baseline BMD tertile had
a relatively high fracture risk even though they had more than
3% BMD increase. The fracture risk for these patients was
even higher than those in the highest baseline BMD tertile
that had no post baseline BMD gain. Therefore, this analysis
actually suggests that fracture risk depends on both the baseline BMD value and the post-baseline BMD increase. It is
clearly premature to draw conclusions based on the post-baseline BMD increases only. In this sense, the actual post-baseline BMD value appears to be more relevant to the fracture
risk compared to the BMD increases since the actual values
consist of the baseline value plus post-baseline increase. A
plot based on risedronate data also suggested that there was a
threshold in BMD increases above which BMD increases
would no longer translate into fracture benefit31.
In summary, current data indicate that the actual BMD
value is strongly related to fracture risk. This is not surprising
since BMD would not have been considered as a surrogate
candidate if its correlation with fracture were not established.
Fracture risk reduction explained by BMD increases. As
pointed out in the earlier discussion, correlation is a necessary
but not sufficient condition for a valid surrogate endpoint. If
BMD change is a valid surrogate, one would expect that two
patients having the same baseline risk factors have the same
risk of fractures as long as they reach the same post-baseline
BMD value. That is, the same BMD increase should have the
same effect on the fracture risk for the two patients, regardless
of whether the BMD increase is achieved through active treatment or placebo with standard calcium and vitamin D supplementation. In a clinical trial setting comparing an active treatment vs. placebo, the baseline risk factors are approximately
67
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Figure 2. Expected relationship when the surrogate explains only a small portion of the treatment effect on the clinical outcome.

balanced via randomization. Therefore the only difference
between the two treatment groups is the treatment assignment.
This is the fundamental reason that one can assess the treatment efficacy using randomized clinical study. Graphically, one
can plot the fracture risk vs. BMD value (post-baseline) for the
two treatment groups separately using individual patient data.
If BMD is a valid surrogate endpoint, one would expect the
two curves overlay closely for the same BMD value (Figure 1).
A large separation between the two curves indicates a substantial difference in fracture risk unexplained by BMD change
(Figure 2); the separation reflects the impact of factors other
than BMD due to the treatment. To assess this, one has to
know the underlying relationship between BMD and fractures
(the curve). Through this relationship, one can quantify the
effect of BMD change on fracture risk (the slope of the curve).
By coupling the BMD difference between the two treatment
groups with the slopes of curves, one can estimate the fracture
difference due to the BMD increase over placebo. If the
change in fracture risk associated with the change in BMD
accounts for most of the fracture risk difference in the study,
then this would be a good indication that BMD change is a
valid surrogate endpoint for fractures.
Statistical methods for estimating the effect of a surrogate
on fracture endpoint for both binary outcomes and time-tofirst event have been developed10,21. In these analyses, one
has to check whether BMD affects the fracture risk in the
same way. Namely, BMD should be related to the fracture
risk in the same way between the treatment and placebo
groups. Any violation of this may imply that BMD is not the
only causal pathway of the disease and cast some doubts on
the validity of the surrogate. To check this, one can test the
68

interaction effect between BMD and treatment. In statistical
modeling, one critical issue that people have largely ignored
is whether the actual value of BMD or increase should be
used as a covariate for fracture risk. To answer this question,
one has to answer the question of which variable, actual
value or increase, has a direct effect on the risk of fractures.
If one believes the quality of bone is measured by the actual
BMD value, linking the actual BMD values to fracture risk
would provide a direct measurement of the causal relationship. Through this relationship, the effect of BMD increases
on fracture risk can be assessed via the slope of the curve. If
one just uses percent changes and ignores the baseline value,
one may draw some incomplete and biased conclusions. For
example, a patient may have a very high BMD percent
change from baseline and a very low baseline value. The
actual value for this patient could be very low because of the
low baseline value. In this case, the fracture risk for the
patient could be very high. If one just simply models the
association between fractures and BMD percent changes,
one may draw the conclusion that a high fracture risk is associated with a large increase of BMD. The 3-dimensional barcharts based on alendronate data strongly support that the
fracture risk is affected by the combination of baseline BMD
and post-baseline BMD increases30.
Statistical analyses based on individual patient data from
different therapeutic agents have been performed to explore
the anti-fracture efficacy explained by BMD increases.
Based on the individual patient data from the FIT study for
alendronate, Cummings et al.8 reported that 16% of the vertebral fracture risk reduction that resulted from treatment
with alendronate was explained by increases in BMD. For
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Figure 3. The setting in which the surrogate is the only causal pathway of the disease process and the entire treatment effect is mediated
through its effect on the surrogate.

risedronate, Li et al.10 conducted an analysis using individual
patient data from the VERT/NA4 and VERT/MN5 studies
and reported that 28% of the vertebral fracture risk reductions was explained by BMD increases. Sakar et al.9 reported only 4% of the fracture risk reduction with raloxifene was
explained by BMD increases based on the individual patient
data from the MORE study. It should be pointed out that
there are some differences in terms of statistical modeling
among these three analyses. For example, the analysis by
Cummings et al.8 and Sakar et al.9 used logistical regression
models since they only used the binary outcomes for fractures while the analysis by Li et al.10 used time-to-event
methodology. Cummings et al.8 used the approach by
Freedman et al.20 in calculating the fracture risk reduction
explained by BMD while the analyses by Sakar et al.9 and Li
et al.10 used modifications of the Freedman’s approach.
Nevertheless, results from the three analyses using individual patient data support the same conclusion. That is, BMD
increases explain only a limited proportion of the anti-fracture efficacy observed with anti-resorptive therapies.
Can BMD increases predict fracture risk reductions
over placebo? While it is not appropriate to use summary
statistics to quantify the underlying relationship between
BMD and fracture for patients20, the group-level summary
statistics are useful in evaluating whether a trial-level BMD
increase over placebo is predictive of the fracture risk reduction for a study32. Specifically, one can develop a regression
model by treating the relative risk of treatment vs. placebo as
the response variable and the BMD improvement over
placebo as a covariate. Each trial can also be weighted
appropriately by using a weighting factor such as the inverse
of variance for the relative risk. The intercept of this regression model represents the treatment effect associated with
no improvement in BMD over placebo. To assess the pre-

dictability, one can build a prediction model for a study by
using the data from all other studies. Since the prediction
model is independent of the data from this study, one can
assess the predictability by comparing the predicted result
versus the observed result for the study. A formal statistical
technique has also been developed24.
Various statistical analyses have been conducted to evaluate
the predictability of vertebral fracture risk reduction using lumbar spine BMD increases based on the group-level summary
statistics8,11,25. The conclusions from these analyses are disparate. The analysis by Wasnich and Miller11 concluded "treatments that increase spine BMD by 8% would reduce the risk by
54%; most of the total effect of treatment was explained by the
8% increase in BMD." They also concluded that "the small but
significant reductions in risk that were not explained by measurable changes in BMD might be related to publication bias,
measurement error, or limitations of current BMD technology". On the other hand, a similar analysis conducted by Guyatt
et al.27 concluded that "the fact that the model predicts a substantial relative risk reduction in vertebral fractures even with
no change in bone density may be problematic". The analysis by
Cummings et al.8 also concluded that "improvement in spine
bone mineral density during the treatment with anti-resorptive
drugs accounts for a predictable but small part of the observed
reduction in the risk of vertebral fractures". Although the conclusions were different, a careful review of these three analyses
indicated some similarity of their results. The fracture risk
reductions associated with no BMD improvement over placebo
from the three analyses were estimated to be 22-25%, very consistent across all analyses. This implies that for a trial with 45%
vertebral fracture risk reduction, at least half of the observed
treatment effect cannot be predicted by BMD increases.
Regarding the accuracy of prediction using meta-regression analyses, Guyatt et al.27 compared predicted results vs.
69
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Table 1. Relative risk and BMD increases over placebo at 1 year.

the observed estimates for calcium, vitamin D, risedronate,
etidronate, calcitonin, raloxifene and HRT. In their analyses,
the authors predicted the treatment effect of one therapy
based on the efficacy data on both BMD and fractures from
all other therapies using a meta-regression model. However,
the analysis for predicting the treatment efficacy of alendonate based on the data from all other therapies was not provided. As stated by the authors, the amount of data contributed by alendronate was so large that the remaining data
based on all other drugs did not allow a robust prediction for
alendronate. This implies that the prediction model was dominated by data from alendronate. Consequently, the robustness of the prediction model is compromised. While the
authors indicated that the regression model predicted the
fracture risk reductions very well, one should notice that the
predicted vertebral fracture risk reductions for vitamin D and
calcitonin were off the target by 30% and 39%, respectively.
Cummings et al.8 built a prediction model using a different
approach. They predicted the fracture risk reduction based
on the improvement in bone mass using data from the placebo group of the FIT study. Based on this analysis, it was estimated that each 0.10 g/cm2 decrease in baseline spine BMD
was associated with a 1.5-fold increase in the risk of vertebral
fracture. They also concluded that the fracture risk reduction
resulting from the anti-resorptive treatment was greater than
what was predicted from the improvement in spine BMD.
For example, for a trial with 45% fracture risk reduction, the
predicted risk reduction by BMD improvement is only 20%.
The analyses reported so far included data from different
agents. Further, the studies included had different study durations. Since BMD increases typically are not distributed linearly over the course of study, one may want to know whether
using 1-year BMD data would increase the predictability. We
70

performed an analysis based on 1-year data from risedronate
studies since the anti-fracture efficacy over the first year has
been demonstrated in multiple studies4-6,33-34. The relative
risks and BMD increases over placebo at 1 year are summarized in Table 1 for both the risedronate 2.5 mg and 5.0 mg
groups. We conducted a regression analysis using relative
risk as the response variable and BMD increase over placebo as the covariate. Each treatment group was weighted by
the inverse of variance for the relative risk. We obtained the
following regression equation:
Relative Risk = 0.587 - 0.047*¢BMD.
In this equation, the BMD increase did not show a statistically significant effect (p-value=0.346). In contrast, the intercept was statistically significant (p-value=0.003). That means,
for a trial with 60% risk reduction during the first year, approximately 41% risk reduction is not predicted by BMD increases.
We also evaluated whether one could predict the fracture
risk reduction based on BMD increases over placebo using
this model. In this analysis, we omitted one treatment group
at a time and used the remaining data to build a regression
model. Using this regression model we predicted the fracture risk reduction of the treatment group that was left out
using the observed BMD increase. A comparison of the
observed fracture risk reductions and the predicted risk
reductions is summarized in Table 2. On average, the predicted value was off the observed value by 11%, which was
about 20 percentage points of the observed fracture risk
reduction. Specifically, the predicted fracture risk reductions
in the VERT-NA and VERT-MN were greater for the 2.5
mg group than for the 5 mg group while the 5 mg group actually demonstrated a higher fracture risk reduction in all studies. All these suggest BMD increases over placebo are inadequate for predicting fracture risk reductions.
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Figure 4. Multiple pathways that the treatment may impact the clinical outcome. Pathway 1: A pathway that is independent of the disease
process. Pathway 2: A pathway where the treatment impacts the clinical outcome through its effect on the surrogate endpoint. Pathway 3:
A pathway where the treatment impacts the clinical outcome through the disease process but independently of the surrogate endpoint.

What may affect the validity of BMD as a surrogate?
While the actual BMD value is correlated with fracture,
there is no sufficient evidence to support BMD increase as a
valid surrogate because of the small proportion of the treatment effect explained by BMD and because of the inadequacy of BMD increases in predicting fracture risk reductions. Figure 3 illustrates the setting that provides the greatest potential for BMD to be a valid surrogate. In this setting,
BMD is the only causal pathway of the disease process and
the entire treatment effect on fracture is mediated through
its effect on BMD. The fact that a substantial amount of
treatment effect is associated with no BMD increase casts
doubt on this hypothesis.
The mechanism of action of a treatment on a surrogate
endpoint and its clinical outcome is complex. The treatment
may affect the disease process through multiple pathways.
For example, the treatment may affect the clinical outcome
by unintended mechanisms of action that are independent of
the disease process. The effects of the treatment mediated
through intended mechanism could be substantially offset by
unintended, unanticipated or unrecognized mechanisms.
Unfortunately it is impossible to separate the treatment
effect mediated through intended mechanisms from those
through unintended mechanisms. Figure 4 illustrates a hypothetical setting in which a treatment affects the diseases of

postmenopausal osteoporosis in multiple pathways. In this
setting, the treatment affects the clinical outcome through 3
different pathways, a pathway mediated through BMD, a
pathway that is independent of the disease process and a
pathway that is mediated through the disease process but
independent of BMD. The clinical benefit of a drug is a net
outcome of the three pathways. For example, a treatment
may increase the bone quality by changing the microstructure of bone in the absence of a change in BMD. This mechanism of action will reduce the risk of fracture without
increasing the bone density. Recent work by Eastell et al.
also suggested that part of the anti-fracture efficacy might be
mediated through changes in bone turnover35-38. Reduction
of bone turnover and the associated reduction in osteoclastic perforative resorption may improve trabecular microarchitecture by preventing trabecular perforation and thus
preserving trabecular connectivity without significant or just
moderate increases in BMD36.
A question that one may also ask is whether treatment
effects that are mediated through BMD or other factors such
as bone microstructure are the same across all anti-resorptive agents. The empirical evidence appears to support the
hypothesis that different agents act differently. For example,
three large clinical trials have shown that alendronate, risedronate and raloxifene reduced the risk of vertebral fractures over 3-years by 47%, 49% and 46%2,5,7, respectively,
very similar across the three agents. However, the corresponding BMD increases over placebo were 6.2%, 5.8% and
71
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Table 2. Comparison of model predicted fracture risk reductions vs. observed fracture risk reductions.

2.7%, reflecting a wide range of BMD responses from agent
to agent. In addition, significant increases in BMD could be
accompanied by formation of bone of poor quality that in
turn would decrease bone strength and negate the positive
effect on BMD increases. Treatment with fluoride has been
shown to increase spinal bone density by 35% while vertebral
fracture risk remained unchanged37. Doses of fluoride in the
latter study were relatively high leading to the development
of osteomalacia38. Thus it is important to discriminate
between increases in BMD with formation of bone of normal
quality versus increases in BMD accompanied by formation
of pathological bone when using BMD as a surrogate marker for fracture risk prediction. It should be noted that the
fracture risk could also be affected by factors that are independent of treatment such as falls. Quantifying the effects of
these factors is even more challenging because of the difficulty of separating these factors from the treatment-responsive factors in clinical studies.
Predicting the fracture risk reduction based on the
observed BMD increases over placebo for a clinical trial may
also be complicated by the possible non-linear relationship
between fracture risk reduction and BMD increases. In the
meta-regression analysis, studies with different populations
and different baseline fracture risks are included. It is likely
that the same BMD increases over placebo may translate
into different fracture benefit for patients with different
baseline BMD value and fracture risk. For example, the
same BMD increase over placebo may not mean the same
fracture benefit for a healthier population compared to a
more osteoporotic population. This would also increase the
uncertainty in predicting the fracture risk reduction using
BMD increases. Therefore, one has to be cautious when
using BMD increases to measure or compare the clinical
efficacy of therapeutic agents. To increase the predictability
72

and usefulness of surrogates, one potential research area
that deserves attention is to identify surrogates for different
pathways and study the joint effect of several intermediate
endpoints on fracture efficacy.

Conclusion and discussion
In this paper, we have reviewed the concept of surrogate
endpoints and relevant statistical validation requirements
and methods. Specifically, we focused on whether BMD
change from baseline can be validated as a surrogate endpoint for fracture in the treatment of postmenopausal osteoporosis. Our review indicates that the actual BMD value is
correlated with fractures. The combined existing evidence,
however, appears to not support BMD increase from baseline as a valid surrogate for fractures. The high proportion of
the treatment effect unexplained by BMD and the lack of
accuracy in predicting the fracture risk reduction for a clinical trial using BMD provide strong support for the hypothesis that BMD is not the only causal pathway through which a
treatment affects the fracture outcome. This has important
clinical implications, especially when treating patients with
anti-resorptive agents: estimation of fracture risk reduction
in individual patients based solely on BMD changes is not
supported by the current body of data.
One may ask how you should use BMD in clinical and scientific research. Our review has indicated that the actual
BMD value is correlated with fracture risk. Regulatory
guidelines also indicate that if a drug has been approved for
the treatment of osteoporosis by demonstrating anti-fracture
efficacy, BMD may serve as an appropriate efficacy endpoint
in trials for prevention of osteoporosis1. Research based on
risedronate data has indicated a non-linear relationship
between BMD changes and fracture risk; there appears to be
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a threshold above which BMD increases no longer translate
into fracture benefits31. Recent analyses with ibandronate
data support the same conclusion39. Therefore, although
BMD remains an important clinical measure, one needs to
understand its limitations. It is also important to keep in
mind that the treatment effects on BMD and fracture risk
reduction, as well as the treatment effects explained by BMD
increases for different agents, were not derived from headto-head comparison trials. Consequently, one should be cautious when comparing the efficacy of different agents using
their BMD increases, fracture risk reductions, and the proportions of treatment effect explained by BMD increases.
Surrogate validation is a complex task. While statistical
analyses provide useful insight into the impact of BMD on
the fracture endpoint, one has to consider the biologic mechanisms through which a treatment may affect the fracture
risk. Research in identifying different pathways through
which a treatment acts on the disease is very limited. The
fact that the three anti-resorptive agents, alendronate, risedronate and raloxifene, demonstrated similar vertebral fracture risk reduction over 3 years but markedly different BMD
increases also warrants research on whether the mechanisms
of action are the same across all anti-resorptive agents. In
addition to the differences that may exist among different
agents, factors such as variability in clinical measurements
and data collection, heterogeneity in study populations and
study designs, and differences in statistical methods confound the interpretation of the results. The relationship
between BMD and fractures and the ability of BMD to predict fracture risk is also complicated by a variety of nonskeletal factors for fractures. Among them are propensity to
falls, neuromuscular responses to falls, severity and direction
of falls, and the amount of fat padding around the bone25.
We have paid special attention to the two statistical
approaches used in surrogate validation: analyses based on
individual patient data and meta-regression using summary
statistics. All information contained in summary statistics is
also contained in the relevant individual patient data. Thus,
whenever possible, one should conduct analyses based on
individual patient data. An analysis using individual patient
data from one agent, however, is typically limited by its sample size, especially when quantifying the treatment effect
explained by BMD. To overcome this difficulty, a collaborative effort across all sponsors for the relevant agents is desirable.
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