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Abstract

Summary The International Osteoporosis Foundation
(IOF) and the International Federation of Clinical Chem-
istry and Laboratory Medicine (IFCC) recommend that a
marker of bone formation (serum procollagen type I N
propeptide, s-PINP) and a marker of bone resorption
(serum C-terminal telopeptide of type I collagen, s-CTX)
are used as reference analytes for bone turnover markers in
clinical studies.

Introduction Bone turnover markers (BTM) predict fracture
risk, and treatment-induced changes in specific markers
account for a substantial proportion of fracture risk
reduction. The aims of this report were to determine their
clinical potential in the prediction of fracture risk and for
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monitoring the treatment of osteoporosis and to set an
appropriate research agenda.

Methods Evidence from prospective studies was gathered
through literature review of the PUBMED database
between the years 2000 and 2010 and the systematic
review of the Agency for Healthcare Research and Quality
up to 2001.

Results High levels of BTMs may predict fracture risk
independently from bone mineral density in postmenopaus-
al women. They have been used for this purpose in clinical
practice for many years, but there is still a need for stronger
evidence on which to base practice. BTMs provide
pharmacodynamic information on the response to osteopo-
rosis treatment, and as a result, they are widely used for
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monitoring treatment in the individual. However, their
clinical value for monitoring is limited by inadequate
appreciation of the sources of variability, by limited data
for comparison of treatments using the same BTM and by
inadequate quality control. IOF/IFCC recommend one bone
formation marker (s-PINP) and one bone resorption marker
(s-CTX) to be used as reference markers and measured by
standardised assays in observational and intervention
studies in order to compare the performance of alternatives
and to enlarge the international experience of the applica-
tion of markers to clinical medicine.

Conclusion BTM hold promise in fracture risk prediction
and for monitoring treatment. Uncertainties over their
clinical use can be in part resolved by adopting interna-
tional reference standards.

Keywords Bone makers - Bone turnover - Fracture risk -
IOF - Monitoring treatment - Reference standards

Introduction
The burden of osteoporosis

Osteoporosis is a major health problem worldwide. It is
defined as a disease characterised by low bone mass and
micro-architectural deterioration of bone tissue, leading to
enhanced bone fragility and consequent increase in fracture
risk [1]. The clinical consequences of osteoporosis reside in
the fractures that arise, particularly hip fracture, which
accounts for the major direct costs. In 1990, the number of
osteoporotic fractures estimated in Europe was 2.7 million,
with an estimated direct cost in 2004 of €36 billion (£24.5
billion), of which €24.3 billion (£16.6 billion) were
accounted for by hip fracture. Costs are expected to rise to
€76.8 billion (£52.4 billion) by the year 2050 [2]. Similar
projections are made for many other regions of the world
because of the increasing numbers of the elderly. In the
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USA, the annual cost of incident fractures due to osteopo-
rosis or low bone mass is predicted to rise from $16.9 billion
in 2006 to around $25.3 billion by the year 2025 [3].

Current approaches to diagnosis and treatment

Technological developments for the measurement of bone
mineral density (BMD) have led to diagnostic criteria that
are widely applied. The World Health Organization diag-
nostic criterion for osteoporosis is a BMD measurement
equal to or more than 2.5 standard deviations (SD) below the
young female (age 20-29 years) reference mean (T-score<
—2.5 SD) [4, 5]. In addition, there have been major
advances in the number and range of agents available for
treatment, all with proven anti-fracture efficacy [6-8].
These agents have differing modes of action in protecting
against fracture, and these need to be taken into account
when developing monitoring strategies.

Gap analysis

Important gaps in the clinical armamentarium include the
identification of individuals who would best benefit from
intervention and, for those on treatment, the optimal manner in
which response to treatment should be monitored. In this
regard, there has been interest in the clinical potential of bone
turnover markers (BTMSs), both as tools to assess fracture risk
and for monitoring treatment, to thereby aid intervention
strategies [9—13]. Attractive features of these markers are that
samples of blood or urine are easily collected, a variety of
assays is available, sample collection is relatively non-
invasive and results provide information that is complemen-
tary to BMD. In contrast to an extensive research base, there
are uncertainties in their use for routine clinical application.
Limitations variously include their biological variability
(Table 1) [14] and, in some cases, the multiple methodolo-
gies used for the same analyte (e.g. the assays for
osteocalcin) [15]. Laboratory variations become critical to
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Table 1 Uncontrollable and controllable sources of pre-analytical variability according to their importance

Source

Importance

Nature of effect

Uncontrollable sources
Age
Menopausal status
Gender
Fractures

Pregnancy and lactation
Drugs
Disease

Bed rest/immobility
Geography

Ethnicity

Very important
Very important
Very important

Important—TIimits evaluation of case control
studies

Important

Important: corticosteroids, anticonvulsants,
heparin, GnRH agonists

Important: thyroid disease, diabetes, renal
impairment, liver disease
Important

Somewhat important

Not important

Oral contraception Not important, except in women over

35 years

Controllable sources

Circadian Extremely important

Fasting status Important for specific markers

Exercise Important—chronic and acute effects

Menstrual Not important

Seasonal Not important for individual, but maybe for
longitudinal studies

Diet Not important

BTM increase with age in men and women
BTM increase within a few months after the last menstrual period
BTM are higher in older women than older men

BTM increase after a fracture (maximal at 2 to 12 weeks, but effect
lasts for up to 52 weeks)

BTM are increased during pregnancy; highest levels during third
trimester, even higher postpartum

BTM may be decreased (glucocorticoids) or increased
(anticonvulsants)

BTM often increased (thyrotoxicosis, chronic kidney disease)

Bone formation markers decrease and resorption markers increase

Small changes amongst countries, usually explained by differences
in lifestyle

Small changes, such as lower OC in African Americans vs.
Caucasians

Lower values for BTM

Most striking for bone resorption markers; highest values in second
half of night and on waking; lowest values in afternoon and
evening

Feeding results in a decrease in BTM; for example, s-CTX
decreases by 20% after breakfast

Changes occur but depend on type of exercise and age of subjects

Small decreases in bone resorption and increases in bone formation
during luteal phase

Small decreases in BTM over winter

Small reduction in BTM immediately following calcium
supplementation

clinical care when measurements are done in a range of
commercial and hospital settings.

These strengths and weakness of BTMs in clinical
practice have been considered by a number of national
societies and guideline development groups and have
resulted in differing recommendations for their clinical use
in risk assessment and in the monitoring of osteoporosis
treatment (Table 2). Some advocate their routine use, others
use more cautious language and others still, do not
recommend their routine use.

Aim

These uncertainties prompted the International Osteoporo-
sis Foundation (IOF) and the International Federation of
Clinical Chemistry and Laboratory Medicine (IFCC) to
convene the IOF-IFCC Bone Marker Standards Working
Group. The aim of the group was to consider the research

base available that was relevant to the application of BTMs
to fracture risk assessment and monitoring of treatment and
to provide recommendations on their clinical use. In the
absence of clear recommendations, a research strategy was
to be formulated. The present paper summarises the
outcome of the review.

Methods

Evidence from prospective studies for the performance of
BTMs in fracture risk prediction in untreated patients and
for the performance of BTMs in monitoring therapy was
gathered by searching the English published literature in
PUBMED database between the years 2000 and 2010. The
2001 tabulated evidence from the Agency for Healthcare
Research and Quality on BTMs [22], which was based on a
MEDLINE database systematic review, provided the source
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Table 2 Recent national guidelines on the utility of BTMs in the management of patients with osteoporosis

Country, title and year

Recommendations

Reference

Australia

Clinical guideline for the prevention
and treatment of osteoporosis in
postmenopausal women and
older men

2010

Belgium

Evidence-based guidelines for the use
of biochemical markers of bone
turnover in the selection and monitoring
of bisphosphonate treatment in
osteoporosis

2009

Canada
Bone turnover markers in the management

of postmenopausal osteoporosis (review—
endorsed by several national societies)

2009

Europe

European guidance for the diagnosis
and management of osteoporosis in
postmenopausal women

2008

Latin America
Ibero-American consensus on 0steoporosis

2009

Poland

Recommendations on the diagnosis and
treatment of osteoporosis. Reducing
the incidence of fractures through
effective prevention and treatment

2007

@ Springer

Monitoring therapy—“The role of bone turnover
markers in the management of OP has not yet
been fully investigated. In the absence of clear
evidence of improved patient outcomes from
their use and cost effectiveness data, routine use
in patient monitoring in general practice is not
currently recommended.”

Fracture prediction and monitoring therapy—
“Although the correlation between BMD and
BTMs is statistically significant, BTMs cannot
be used as predictive markers of BMD in an
individual patient. Both are independent

predictors of fracture risk, but BTMs can only be

used as an additional risk factor in the decision
to treat. Current data do not support the use of
BTMs to select the optimal treatment. However,
they can be used to monitor treatment efficiency
before BMD changes can be evaluated. Early
changes in BTMs can be used to measure the
clinical efficacy of an anti-resorptive treatment
and to reinforce patient compliance.”

“Potential clinical uses of BTMs include
prediction of bone loss and fracture in untreated
postmenopausal women, to monitor osteoporosis
therapy, and perhaps to enhance adherence to
therapy. BTMs should not be used to diagnose
osteoporosis or to select the type of osteoporotic
therapy is most appropriate.”

Possible algorithm: measure at baseline s-CTX
(antiresorptive therapy) and Total s-PINP
(anabolic therapy), other when available.
Remeasure at 3—6 months. Significant change
is measured by absolute percentages, >40%
for bone formation markers, and 35-55%
change in bone resorption markers

Investigation of osteoporosis—non routine
practice but acknowledge the use of markers
of bone turnover for the investigation of
osteoporosis, when available.

Monitoring of treatment—“The most informative
bone markers for the investigation of osteoporosis
are osteocalcin and procollagen I N-terminal
extension peptide (PINP) for assessing bone
formation, and type I collagen—and C-telopeptide
breakdown products (especially serum CTX) to
assess bone resorption”

Fracture prediction—“These markers are not
useful to make the diagnosis, but they are useful
to orient physicians about the dynamics of bone
turnover in a particular patient. This will help
physicians to identify patients with a higher
fracture risk. The systematic determination of
bone markers is not recommended in the
evaluation of every patient with osteoporosis.”

Monitoring therapy—These markers are also
useful to make an early evaluation of the
response to treatment.

Monitoring of therapy—BTMs (serum CTX,
PINP, OC) are used to assess the efficacy of
anticatabolic (bisphosphonates, raloxifene,

hormone therapy, calcitonin) and anabolic (PTH)

treatment in the short term. Baseline values
before treatment are recommended. CTX levels
at 3 months. PINP and OC at 6 months.

Use of LSC to determine change efficacy.

The Royal Australian College
of General Practitioners [16]

Belgian Bone Club [9]

Multidisciplinary working group
under the auspices of the Scientific
Advisory Council of Osteoporosis
Canada [11]

European Society for Clinical and
Economic Aspects of Osteoporosis
and Osteoarthritis [8]

Iberoamerican Society of Osteology
and Mineral Metabolism [17]

Multidisciplinary Osteoporosis
Forum [18]
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Table 2 (continued)

Country, title and year

Recommendations

Reference

Singapore

Singapore Ministry of Health:
Clinical Practice Guidelines
for Osteoporosis

2008

UK

Osteoporosis—clinical guidelines
for prevention and treatment,
Executive Summary

2008

USA

The National Osteoporosis Foundation
Clinician’s guide to prevention and
treatment of osteoporosis
008

Monitoring therapy—“An alternative method for
monitoring therapeutic response is evaluating bone
turnover markers at baseline and at 3—-6 month
intervals. The use of most effective osteoporosis
drugs has been associated with reductions from
baseline of between 20% and 40% for bone
formation markers such as osteocalcin and
bone alkaline phosphatase, and 30-60% for
bone resorption markers such as N-telopeptide,
C-telopeptide and deoxypyridinoline. Because
of significant biological variability, the timing
and method of collection of blood or urine
specimens should be consistent for serial
measurements (second void for urine specimen
and morning fasting for serum specimen).”

Fracture prediction—"“There is currently no role
for bone turnover markers in the diagnosis of
osteoporosis. However, bone turnover markers
do aid in fracture risk assessment, the prediction
of rates of bone loss, as well as in monitoring
response to treatment.”

Fracture prediction and monitoring therapy—
BTMs have the potential of aiding risk assessment
as well as for monitoring therapy (level Ib).
Further research in the field is recommended.

Fracture prediction

“Biochemical markers of bone remodelling
(resorption and formation) can be measured in
the serum and urine in untreated patients to assess
risk of fracture. They may predict bone loss and,
when repeated after 3-6 months of treatment with
FDA approved antiresorptive therapies, may be
predictive of fracture risk reduction.”

Monitoring of therapy

“Suppression of biochemical markers of bone
turnover after 3—6 months of specific antiresorptive
osteoporosis therapies, and biochemical marker
increases after 1-3 months of specific anabolic
therapies, have been predictive of greater BMD
responses in studies evaluating large groups of
patients. Because of the high degree of biological
and analytical variability in measurement of
biochemical markers, changes in individuals must
be large in order to be clinically meaningful.
It is critical to appreciate the LSC associated

with the biomarker being utilized, which is calculated

by multiplying the “precision error” of the specific
biochemical marker (laboratory provided) by 2.77
(95% confidence level). Biological variability can

be reduced by obtaining samples in the early morning

after an overnight fast. Serial measurements should
be made at the same time of day and preferably
during the same season of the year.”

Singapore Ministry of Health [19]

National Osteoporosis Guideline

Group [20]

National Osteoporosis Foundation

[21]
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of relevant prospective studies up to the year 2001. To
ensure the completeness of the search, key recent review
studies were identified [9, 11-13, 23, 24], and all additional
references were added.

For the assessment of fracture risk, we included only
prospective cohort studies, which required that markers be
assessed prior to a fracture event. The primary outcome was
the first incident fracture in middle-aged or older men and
women. We excluded cross-sectional and case—control
studies and animal preclinical investigations and abstracts.
We excluded studies that did not provide separate data for
men and women [25] or did not provide separate data on
hip fractures [26].

For the performance of BTM in monitoring therapy, we
included studies that evaluated vertebral, non-vertebral or hip
fractures. We excluded studies that examined mean changes in
BTMs with mean changes in fracture risk, i.e. studies that did
not perform the analysis at the individual level, e.g. [27].

Bone turnover markers

Markers of bone turnover are biochemical products mea-
sured usually in blood or urine that reflect the metabolic
activity of bone but which themselves have no function in
controlling skeletal metabolism. They are traditionally
categorised as markers of bone formation or bone resorp-
tion (see Table 3).

Markers of bone formation are direct or indirect products
of active osteoblasts expressed during various phases of
their development and reflect different aspects of osteoblast
function. Type I collagen is an important component of
bone matrix, and osteoblasts secrete its precursor procolla-
gen molecule during bone formation. The extension
peptides at each end of the procollagen molecule, procolla-
gen type I N propeptide (PINP) and procollagen type I C
propeptide (PICP), are cleaved by enzymes during bone
matrix formation and released into the circulation. Osteo-
calcin (OC), one of the most abundant non-collagenous
proteins in bone matrix, is also produced by osteoblasts
during bone formation, and some proportion finds its way
into the extracellular compartment where it can be
measured. It is excreted by the kidneys and its fragments
may also be measured in urine. Newly formed osteoid
undergoes maturation followed by mineralisation, and during
this phase, alkaline phosphatase (ALP) is secreted by
osteoblasts into the extracellular fluid and can be measured
in serum. However, only about half of the ALP activity in
blood in healthy adults derives from bone, the other half being
predominately of hepatic origin. Assays are available that
detect more specifically the bone derived isoform (BALP).

The commonly used bone resorption markers are
degradation products of type I collagen, but non-

@ Springer

collagenous proteins such as the enzyme of osteoclast
origin tartrate-resistant acid phosphatase 5b (TRACP) have
also been investigated as resorption markers. The pyridi-
nium cross-links, pyridinoline (PYD) and deoxypyridino-
line (DPD) are formed during the maturation of bone
collagen, present in significant amounts in bone and
dentine, released during resorption of bone and excreted
in urine in the free and peptide-bound forms without being
metabolised. The peptide-bound forms of PYD and DPD
include the C-terminal and N-terminal cross-linking telo-
peptides (CTX, NTX) of the type I collagen molecule, and
these are also released into the circulation and subsequently
excreted in urine.

Bone turnover markers in fracture risk prediction
Rationale

Oestrogen deficiency, associated with menopause, results in a
generalised increase in bone remodelling and an imbalance
between bone formation and resorption [28, 29]. This increase
is maintained for several decades after the menopause [30]
and is associated with accelerated bone loss [31-39]. An
increased rate of bone loss from the forearm and hip is
associated with an increase in the risk of vertebral fracture [40,
41], an effect independent of final BMD. Thus, it is logical
to consider that high bone turnover might predict fracture.
The mechanism by which sustained high bone turnover
might be associated with increased fracture risk could be
related simply to the bone loss resulting in a low BMD. In
addition, there are other mechanisms whereby increased bone
turnover might be associated with an increased fracture risk
independent of BMD [12]. Deterioration of bone architecture
may contribute to skeletal fragility over and above that
provided by the decrease in bone mass. For example,
resorption cavities on either side of a trabeculum give rise
to stress concentrators that result in the local weakening of
the trabeculum that is disproportionate to the small amount
of bone lost [42]. In addition, increased bone turnover
increases the proportion of recently synthesised bone which
is less well mineralised than mature bone [43] with fewer
enzymatic post-translational modifications of bone collagen
(cross-linking and (3-isomerisation) [44, 45]. It is possible
that these features impair the structural properties of bone.

Evidence for the utility of bone turnover markers in fracture
risk prediction

Prospective studies examining the relationship between
BTM:s and subsequent fractures are summarised in Table 4.
All but four studies [12, 46—48] showed that one or more
markers of bone formation or resorption were significantly
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Table 3 Bone turnover markers: nomenclature, abbreviations and description

Marker

Full name

Origin

Assay

Comments

Resorption
u-NTX

s-NTX

u-CTX

s-CTX

s-ICTP or
CTX-MMP

u-DPD

u-PYD

Urinary amino-terminal
cross-linking telopeptide
of type I collagen

Serum amino-terminal
cross-linking telopeptide
of type I collagen

Urinary carboxy-terminal
cross-linking telopeptide
of type I collagen

Serum carboxy-terminal
cross-linking telopeptide
of type I collagen

Carboxy-terminal cross-
linking telopeptide of
type I collagen

Urinary
deoxypyridinoline

Urinary pyridinoline

Osteoclastic hydrolysis of
collagen type 1

Osteoclastic hydrolysis
of collagen type I,
generated by
cathepsin K

Osteoclastic hydrolysis
of collagen, generated
by cathepsin K

Osteoclastic hydrolysis
of collagen, generated
by cathepsin K

Osteoclastic hydrolysis
of collagen generated by
matrix metalloproteinases

Proteolytic hydrolysis
of collagen, found in
bone

Found in bone, cartilage,
tendon, blood vessels

Automated

Manual

Automated

Manual

Automated

Manual

Automated

Manual

Manual

Automated
Manual

Automated
Manual

Must be adjusted to levels of urinary
creatinine (/Cr)

Specificity: collagen type I, with highest
contribution probably from bone

Sources of variability: influenced
by circadian rhythm

Specificity: collagen type I, with highest
contribution probably from bone;
smaller response to therapy may indicate
some lack of bone specificity

Sources of variability: influenced by
renal function and circadian rhythm

Must be adjusted to levels of urinary
creatinine (/Cr)

Specificity: collagen type I, with highest
contribution probably from bone

u-CTX is isomerised (f3) or non-
isomerised (). Isomerised if not
otherwise specified.

Sources of variability: influenced by
circadian rhythm

s-CTX is always isomerised (f3)
Specificity: collagen type I, with highest
contribution probably from bone
Sources of variability: very dependent on
time of day and food (must be collected
after an overnight fast); influenced
by renal function, liver function
and circadian rhythm

Specificity: collagen type I, with highest
contribution probably from bone. Results
from MMP digestion of collagen and not
responsive to usual treatments for
osteoporosis

Sources of variability: influenced by renal
and liver function and circadian rhythm

Must be adjusted to levels of urinary
creatinine (/Cr)

Total or free (non-peptide-bound)

Specificity: highest contribution from bone,
present in mature collagen only

Sources of variability: independent of
dietary sources, influenced by UV
radiation and circadian rhythm

Total or free (non-peptide-bound)

Adjusted to levels of urinary
creatinine (/Cr)

Total or free (non-peptide-bound)

Specificity: highest contribution from
bone and cartilage, present in mature
collagen only

Sources of variability: independent of
dietary sources; influenced by liver
function, active arthritis and
UV radiation, and circadian rhythm
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Table 3 (continued)

Marker Full name Origin Assay Comments
s-TRACP Serum tartrate-resistant Includes two isoforms: Manual Sources of variability: influenced by
acid phosphatase type 5a (platelets, haemolysis and blood clotting,
erythrocytes and other and circadian rhythms
sources) and type Sb Difficult to store; stable up to 2 years
(osteoclasts) at =70 °C
Formation
s-0OC Serum osteocalcin Hydroxyapatite-binding Automated Specificity: specific marker of osteoblast
protein exclusively Manual function
synthesised by osteoblasts Subject to rapid degradation in serum
and odontoblasts leads to heterogeneity of OC fragments:
usually measured as intact [1-49]
or N-mid [1-43] fragment, or can be
undercarboxylated (ucOC)

Sources of variability: influenced by renal
function and circadian rhythms; large
inter-laboratory variation

u-0C Urinary osteocalcin Hydroxyapatite-binding Manual Adjusted to levels of urinary
protein exclusively creatinine (/Cr)
synthesised by osteoblasts Specificity: specific marker of
and odontoblasts osteoblast function

Mid (predominant fragments) or long
(only longest fragment) in urine

Sources of variability: influenced by renal
function and circadian rhythm

s-ALP Serum alkaline Ubiquitous, membrane Automated Specificity: non-specific for bone (about
phosphatase bound tetrameric enzyme Manual 50% is liver isoform in healthy
(total) located on the outer cell individuals)
sprface of various tissucs: Multiple assay methodologies
liver, bone, intestine, spleen, . . .
. Source of variability: very small circadian
kidney and placenta
rhythm
s-BALP Serum bone-specific Ubiquitous, membrane bound Automated Specificity: specific for bone, but with
alkaline phosphatase tetrameric enzyme located Manual some cross-reactivity with liver isoform
on the outer cell surface (up to 20%)
of osteoblasts Multiple assay methodologies
Source of variability: very small circadian
rhythm
s-PICP Procollagen type Precursor molecules of Manual Specificity: mostly derived from bone
1 C propeptide collagen type I synthesised collagen type I (around 90%). Short
by osteoblasts serum half-life. Regulated by
hormones (thyroid, IGF-1)

Source of variability: small circadian

thythm
s-PINP Procollagen type Precursor molecules of Automated Specificity: mostly derived from bone
I N propeptide collagen type I synthesised Manual collagen type I

by osteoblasts

Assay: may recognise trimer alone (intact)
or trimer and monomer (total PINP)

Source of variability: small circadian
rhythm

associated with fracture risk. Several studies have reported
that in women with a low BMD, the presence of increased
BTMs has an additive effect on fracture risk [49-55].

An example of the contribution of u-CTX to hip fracture
probability and its independence from BMD is shown in

@ Springer

Fig. 1 [67]. Potential difficulty with such analysis is that the
proportion of the population in each risk set is not defined.
Thus, the small proportion of women with both low BMD
and high u-CTX have an elevated risk compared to those in
the lowest part of the distribution of BMD and with the
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Fig. 1 The impact of u-CTX, bone mineral density (BMD) and prior
fracture on the 10-year hip fracture probability based on the EPIDOS
data applied to women from Sweden [67]. BMD refers to a T-score of
less than or equal to —2.5 SD at the femoral neck and u-CTX to a
urinary value that exceeds the upper limit of normal for premeno-
pausal women

highest u-CTX alone. ROC analysis methods may be
preferable to assess the additive benefit of multiple tests.
Men have been less extensively studied than women, but
several studies suggest that one or more BTM may be of value
in fracture risk prediction. In a study of elderly men in northern
Finland, a decrease in carboxylated s-OC/total s-OC ratio was
associated with increased risk of subsequent fractures [58]. In
the Dubbo Osteoporosis Study of elderly men in Australia, an
increased serum carboxyterminal crosslinking telopeptide of
type I collagen (s-ICTP) was associated with an increased
risk of osteoporotic fractures independent of BMD [64]. In
the US MrOS study, hip and non-spine fractures were
associated with increased s-PINP and s-CTX, an association
no longer evident after adjustment for hip BMD [66]. In
contrast, a range of markers of formation and resorption were
of no predictive value in men from the MINOS study [12].

Limitations in fracture risk prediction

It would appear that BTMs, particularly those of bone
resorption, have some utility in predicting fracture out-
comes. It is a challenge, however, to draw clear conclusions
from these 22 studies detailed for several reasons:

1. Table 4 includes 17 different BTMs. In a given study,
there have been up to ten different BTMs measured
[51]. The large number of predictions published raises
the possibility of false positive results.

2. There is heterogeneity in the fracture outcomes reported.
There have been up to four different fracture classifica-
tions, such as spine, hip, non-spine and all fractures [51].

3. In some studies, the statistical approach was multiple;
for example, bone turnover was considered as odds
ratio per standard deviation increase in BTM, a BTM

lying within the top three quartiles (compared to the
lowest quartile) or value more than two standard
deviations above the premenopausal reference interval
[50]. This is further discussed below.

For any given analyte, there is some inconsistency in the
predictive value of specific markers. For example, s-OC is
variously a strong [56, 62], moderate [55, 63], borderline
[49, 50] or non-significant [47, 51, 5860, 68] predictor
of fracture risk.

5. The association with bone formation markers and
fracture risk was usually, though not invariably, not
statistically significant; this included OC, BALP, PICP
and PINP. Indeed, the one study that showed a
significant association with PICP indicated that frac-
tures were associated with a lower PICP [49].

6. The association of bone resorption markers and fracture
risk appeared more consistent than that with bone
formation markers, particularly for urinary free DPD
and u-CTX. However, the closely chemically related
total DPD [54, 60] and u-NTX were not usually
associated with fracture risk.

7. Thelack of consistency also related to the analytic method
used. Thus, although undercarboxylated OC was related
to fracture risk in at least two studies, the association was
significant when the assay was an immunoassay, but not
when there was a hydroxyapatite binding step [55]. The
assay for free DPD was significant when performed by
immunoassay but not when performed by high-
performance liquid chromatography [54].

8. The time of day is critical to the level of some BTMs
(Table 1). For example, levels of CTX are much lower
in the afternoon than in the morning and related to the
ingestion of food, so that fasting samples are normally
recommended. Surprisingly, it was the afternoon level
of CTX that was more closely related to fracture risk
than the morning sample in the one study in which this
was examined [57].

9. BTMs would be particularly helpful if their association
with fracture risk were independent of BMD. There is a
negative correlation between BMD and BTMs, which
becomes stronger with advancing age [50, 69—71]. The
prediction of BTMs for fracture was independent of
BMD in some studies [49, 51, 55, 64] but not in all
studies [61, 66].

Expression of risk

As noted above, there has been inconsistency in the
manner by which risk is expressed. Examples include
comparison of the lowest with the highest quartile of
bone marker, comparison of the lowest with the other
quartile (or quintile) of bone marker, values above or
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below an arbitrary threshold value or as a gradient of
risk (GR; in this context meaning the increase in
fracture risk per SD increase in marker value). These
various approaches hamper assessment of the compara-
tive value of the markers between studies. Interpretation
is difficult even within studies. For example, one study
[50] reported that u-CTX predicted hip fracture in elderly
women with a gradient of risk of 1.3 (1.0-1.6 per SD
increase) that might be described as modest. When the same
data were presented comparing the highest  quartiles with
the lowest quartile, the odds ratio was 2.1 (1.3-3.3) which
sounds all the more impressive. In another study, hazard
ratios (HR) expressed as a gradient of risk failed to show
predictive value of s-CTX for fracture (HR/SD=1.12; 95%
confidence interval (CI)=0.99-1.26) [65]. When the hazard
ratio was the comparison of the upper to the lower tertile, s-
CTX was a ‘significant’ predictor of fracture (HR=1.40;
95% CI=1.05-1.87).

Nearly all these methods of expressing risk have been
uncritically used. The starting point is to ascertain the
distribution of the analyte. For some, this may follow a
Gaussian distribution whereas others will be skewed.

exp(log(GR) x x) x \/217”

[

X
1
2

ﬁl exp(—% (x2 —2 x log(GR) x x+ (log(GR))Z) +

Logarithmic transformation has been used in a minority of
studies, presumably to normalise the distribution of the
measurement [12, 62, 65]. The comparison of the upper
quartiles of two different distributions will be akin to
comparing apples with oranges.

It is instructive to examine the relationships between
gradients of risk and hazard ratios derived from the
comparison of quartiles. If it is assumed that a biochemical
marker X has a normal distribution (before or after transfor-
mation) and that the increase of fracture risk (hazard function)
per unit of X is constant over the whole range of X, then the
performance characteristics of the analyte can be described as
a gradient of risk, e.g. the increase in fracture risk/SD
difference in analyte. With these assumptions, hazard ratios
can be computed where quartiles are compared, e.g. 04/0, or
combinations are compared, e.g. 04/0;_5 (Fig. 2).

Q; is the mean of the hazard function in the
corresponding quartile. Q; 3 is the mean for the range
corresponding to Oz, O, and Q. Q;_4 is the mean of the
hazard function. Let GR denote the gradient of risk per 1
standard deviation. The mean of the hazard function in the
interval a to b is equal to a constant time.

x exp(—x?/2)dx/[®(b) — D(a)] =

7 % (log(GR))z)dx/[di(b)—@(a)] —

exp (3 x (l0g(GR))?) x [#(b ~ log(GR)) — #(a — log(GR)))/[#(5) ~ P(a)]

The upper quartile limit is —0.6745 SD. By use of the
relationship above, the hazards for Q,, Q;_3 etc. can be
calculated (Anders Oden, personal communication).

Table 5 shows the hazard ratios when comparing quartiles
according to the increase in fracture risk/SD difference in
analyte (gradient of risk). It is evident that comparisons of
quartiles may give results that are difficult to interpret. For
example, for an analyte with a gradient of risk of 2.0, hazard
ratios associated with the highest quartile vary from 2.0 to
5.9 depending on the denominator used.

The comparison of adjacent quartiles may give results
that are difficult to interpret. If, for example, a variable has
a normal distribution and a continuous gradient of risk of
say 2.0 per standard deviation (Table 5), then the hazard
ratio between Q4 and Qs will be 2.0 and the hazard ratio
between Q3 and O, will be 1.6. The difference in HR arises
because Q) captures a greater range of the index variable
(=5 to —0.7 SD) whereas O, and Q5 cover a smaller interval
(0.7 SD). Thus, differences in hazard ratios should not be
interpreted as evidence for non-linearity of risk and vice
versa.
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In the context of groups, the appropriate risk is that of
the group (e.g. above a specified limit) compared to the risk
of the general population (e.g. 04/0;_4). In the context of
fracture risk assessment for an individual, then the most
appropriate relative risk (assuming a normal distribution) is
the risk of the individual compared with the risk in the
normal population.

/T

Q| Q3

01 Q4

Fig. 2 Normal distribution of a hypothetical analyte according to
quartile of the distribution
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Table 5 Hazard ratios comparing quartiles according to the increase in fracture risk/SD difference in analyte (gradient of risk)

Gradient of risk 04013 04014 Oy/median 0405 04/012 040, 03/0,
1.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1.5 1.950 1.576 1.711 1.495 2.300 2.812 1.301
2.0 3.090 2.030 2.581 2.042 4.157 5.921 1.568
2.5 4.416 2.382 3.625 2.650 6.625 10.667 1.813
3.0 5.934 2.657 4.858 3.324 9.770 17.430 2.042

Future developments

There have been recent developments in fracture risk
assessment, particularly the recognition that the combina-
tion of information from independent risk factors for
fracture improves the ability to characterise risk. Risk
factors for fracture that contribute independently of BMD
include age, sex, a prior fragility fracture and a range of
clinical risk factors. More recently, the independent
contribution of different risk factors for fracture has been
quantified [72] permitting the calculation of absolute risk
with the FRAX® tool (http://www.shef.ac.uk/FRAX). Since
the availability of FRAX, treatment decisions in the
management of osteoporosis are increasingly being based
on the assessment of a patient’s probability of sustaining a
fragility fracture [8, 21, 73-77].

Risk ratios can be converted to fracture probabilities
with knowledge of the fracture and death hazards and the
prevalence of the risk factor of the country concerned.
Table 6 shows the conversion for the UK for an analyte
where a value above a certain threshold is associated with a
2.5-fold increase in risk of fracture. Assume, for example,
that the prevalence of a high marker value is 25% (s-CTX
in women aged 80 years is approximately 25%), then the
10-year hip fracture probability is 20% when applied to a

population from the UK. A further example in a Swedish
setting is provided in the Epidemiology of Osteoporosis
(EPIDOS) study for s-CTX (see Fig. 1).

BTMs are currently not included in the FRAX
algorithms because of the scarcity of population-based
prospective studies with any single analyte. The applica-
bility of the research data base in an international setting
is also insecure; for example, more than one third of
studies are from France and none from Asia. The remedy
is to enlarge the experience of the value of BTMs for
fracture risk assessment in population-based studies
around the world. In so doing, the incorporation of
reference analytes using standardised methodology would
permit the synthesis of large data bases suitable for meta-
analyses to determine the quantum of their predictive
value for different fracture outcomes. In addition to the
estimate of relative risk, research questions include the
distribution of the analytes and subsequent performance
characteristics and the dependence of BTMs on the other
clinical risk factors used in FRAX. A further consider-
ation is whether the predictive value is constant with time,
since the limited data available raise the possibility that
the performance characteristics of BTMs may attenuate
with time (Fig. 3) [58, 65] as observed with some other
risk factors.

Table 6 Ten year probability (percent) of hip fracture in women from the UK according to age, risk ratio and proportion of population with the

risk factor

Age (years) Proportion of population having the condition

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
50 1.2 1.1 1.1 1.0 0.9 0.9 0.9 0.8 0.8 0.7
55 1.9 1.8 1.7 1.6 1.5 1.4 1.4 1.3 1.2 1.2
60 4.1 39 3.6 3.4 33 3.1 2.9 2.8 2.7 2.6
65 8.3 7.8 7.3 6.9 6.6 6.2 59 5.7 5.4 52
70 13 13 12 11 11 10 9.7 9.3 8.9 8.5
75 20 19 18 17 16 15 15 14 14 13
80 24 23 22 21 20 19 18 18 17 16
85 23 22 21 20 19 18 17 16 16 15

Risk ratio=2.50 (JA Kanis, A Oden, H Johansson, EV McCloskey, previously unpublished)
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Fig. 3 Relative risk of fracture with 95% confidence intervals for the
ratio of carboxylated to total serum osteocalcin in elderly men and
women according to duration of follow-up [58]

Bone turnover markers in monitoring of osteoporosis
treatment

Rationale

BTMs may show large and rapid responses to the treat-
ments used for osteoporosis, and their measurement has
proved useful during drug development. Their response to
treatment may allow the best choice of dose and dose
frequency. They may also help with proof of principle and
help establish mechanism of action. The decrease in marker
values, particularly the indices of bone resorption, occurs
within days or weeks of starting treatment with anti-
resorptive agents. In contrast, the change in BMD occurs
over months or years so that BTMs may give earlier
information on the response to treatment than BMD.
Moreover, the decrement in marker values is large in the
case of bisphosphonates (e.g. by 50% or more), whereas the
increment in BMD is modest (e.g. 5%). The responsiveness
of the markers to intervention provides a rationale for their
use to monitor treatment in a clinical setting.

Patterns of response

The direction of the response and its magnitude and time
course differ by treatment and by BTM. The nature of the
BTM response is determined by the mechanism of action of
the drug. Thus, treatment of postmenopausal osteoporosis
with an anti-resorptive treatment, such as the bisphospho-
nate alendronate, results in an early decrease in bone
resorption markers followed by a decrease in bone
formation markers after a delay of about 4 weeks (Fig. 4).
Bisphosphonates reduce the rate of bone remodelling, and
as remodelling begins with bone resorption to be followed
about 4 weeks later by bone formation at the same location
(‘coupling’), the action of the drug is first evident on bone
resorption. These changes in BTMs following anti-
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Fig. 4 Changes (% + SEM) in markers of bone resorption (N7.X) and
bone formation (PINP) following treatment with an anti-resorptive
therapy (alendronate) and an anabolic therapy (teriparatide), redrawn
from [79]

resorptive therapy are followed by an increase in BMD,
assumed to be related to the decrease in bone turnover and
the consequences therefrom [78].

This pattern of response contrasts with treatment with an
anabolic agent such as teriparatide, which results initially in
an increase in bone formation and later with an increase in
bone resorption (see Fig. 4) [79]. The early increase in bone
formation is not due to changes in bone remodelling rate
but reflects a direct stimulation of bone formation.

The dose of the drug is another major determinant of the
BTM response. It is usual during drug development to
evaluate the rate of onset, the magnitude of response and
possible offset using BTMs, as illustrated by the example of
denosumab (Fig. 5) [80]. The onset of action on markers of
bone resorption, as illustrated by s-CTX, is rapid (within
hours). After several months, there is a subsequent
resolution of effect (particularly at the lower doses) until
the next dose is administered at 6 months. The magnitude
of response of BTMs usually relates to that of BMD
(greater reductions in BTMs are associated with greater
increases in BMD), but the changes usually occur earlier
and so allow more rapid evaluation of treatment response.

The route of administration of the drug is another
determinant of the BTM response, probably related to the
total dose administered. As noted above, denosumab
therapy results in a rapid decrease in bone resorption (see
Fig. 5) [80]. More rapid decreases in bone resorption are
seen with intravenous alendronate than with the oral
formulation [81]. Zoledronic acid is a bisphosphonate that
is administered intravenously as an annual dose of 5 mg
and also reduces bone resorption more rapidly than
alendronate by mouth (Fig. 6) [82].
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Fig. 5 Effect of denosumab

Change from baseline (%)
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.40 L
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The various drugs licensed for the treatment of osteopo-
rosis have a differing spectrum of effects on BTMs
(Table 7). Amongst the anti-resorptive agents, some have a
modest effect (such as nasal calcitonin), whereas others have
a marked effect (denosumab, zoledronic acid, alendronate).

Not all drugs have the same classical anti-resorptive or
anabolic effect (see Fig. 4). Strontium ranelate treatment
results in a small decrease in bone resorption and an increase
in bone formation [84]. It may be a weak anti-resorptive drug
with anabolic properties, or it may have its most important
effects through mechanisms that do not involve remodelling
(such as changes to crystal properties) [105]. Odanacatib is a
cathepsin K inhibitor that is in phase Il development which

S-BCTX (ng/ml)
0.5 -

04 - O Alendronate 70mg

O Zoledronate 5mg

0.3 -

0.2

1 1 1 1 1 1 1
0 4 8 12 16 20 24
Time (weeks)

Fig. 6 The time course of s-CTX (mean + SEM) following treatment
with the bisphosphonate alendronate given weekly by mouth and
zoledronic acid (zoledronate) given as a single intravenous dose,
redrawn from [82]

6 9 12 0 3 6 9 12
Time (months)

inhibits bone resorption as judged by s-CTX [106] but has
no clear effect on TRACP. This may reflect its mode of
action to inhibit the degradation of type I collagen without
having any effect on the osteoclast viability (TRACP may
reflect osteoclast number rather than their activity).

Not all markers respond by the same amount for a given
degree of bone resorption. Amongst the bone resorption
markers, s-CTX tends to change more than u-NTX which
tends to change more than TRACP. Amongst the bone
formation markers, s-PINP tends to change more than
BALP (see Table 7). Even closely related markers show
different responses; for example, the response of free DPD
to alendronate is modest or not present, but the total DPD
changes as much as NTX [107]. It is important to recognise
that different bone active treatments have different mech-
anisms of action at the cellular level, and BTMs should be
chosen to capture the multiple effects of these agents.

Monitoring osteoporosis treatment

The use of BTMs for the monitoring of treatment requires a
baseline assessment with a repeat measurement at some
defined point during treatment. In order to do this effectively,
it is important to appreciate the expected level of change (see
Table 7). Thus, for the more potent drugs, it is possible to
monitor treatment effect in the individual. The ability to
detect change between the two values with confidence is also
related to the imprecision of the measurement as well as
biological (intra-individual) variability which may be influ-
enced by factors such as time of day, fasting, adherence to
instructions etc. Accuracy is less relevant in this context.
Reproducibility is usually expressed as a coefficient of
variation (CV).
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Table 7 Percentage difference in BTM steady state response to treatment at licensed dose compared to placebo

Treatment Author Dose PINP oC BALP s-CTX u-NTX TRACP
Calcitonin Chesnut [83] 200 IU/day, intranasal -10
Strontium ranelate Meunier [84] 2 g/day +8 -12
Bruyére [85] —11
Raloxifene Naylor [86] 60 mg/day —34 -25
Chesnut [83] 21 -21
Meunier [84] —20 —28
Ettinger [87] —18
HRT, oral CEE Prestwood [88] 0.625 mg/day -30* —45?% -50*
HRT, oestradiol implant Pereda [89] 25 mg/6 months —35 -15 -15 —40
Risedronate Harris [90] 5 mg/day —23
Rosen [91] 35 mg/week —48* -28?* -55% —40*
Alendronate Naylor [86] 10 mg/day -28 =31 —49
Hannon [92] 10 mg/day =71 -27
Rosen [91] 70 mg/week —64° —41? —74* -53*
Emkey [93] 70 mg/week —68* —-81°*
Arlot [79] 70 mg/week -70* -70*
Ibandronate Delmas [94] 2.5 mg/day -34 =31
Delmas [95] 2.5 mg/day —63*
Miller [96] 150 mg/month -76*
Emkey [93] 150 mg/month -76*
Delmas [95] 3 mg/3 months i.v. -58*
Zoledronate Black [97] 5 mg/year i.v. -59 =30 —58
Denosumab Cummings [98] 60 mg/6 months, s.c. =50 =72
Bone [99] 60 mg/6 months, s.c. -60 75 —38
Lewiecki [100] 60 mg/6 months, s.c. -60 =70 -60
Teriparatide Glover [101] 20 pg/day +111*° +76*° +18%P +5%0 +8%b +3%0
Arlot [79] 20 ug/day +135% +32°%
PTH 1-84 Greenspan [102] 100 pg/day +90 +140
Black [103] 100 pg/day +90° +20° +10°
Black [104] 100 pg/day +150* +100*

CEE conjugated equine oestrogen, PTH parathyroid hormone, i.v. intravenous, s.c. subcutaneous, /R7 hormone replacement therapy

*Percent change from baseline (not compared to placebo)

®Percent change at 1 month

When BTMs are measured in the untreated state on more
than one occasion, the results can be used to calculate the
variability within a subject and derive the total intra-
individual CV. Intra-individual CVs are shown in Table 8
for some of the analytes. In order to be confident (»p<0.05)
that a change in marker value has occurred, then (assuming
a normal distribution) the change in measured value must
exceed V2x1.96xCV=2.77xCV which is termed the least
significant change (LSC). For example, the LSC for CTX
might be 9.6x2.77=27%. In a woman with a baseline value
0f 0.50 ug/l for CTX, the LSC would be £0.13 pg/l, and so
a significant decrease would be a value of 0.37 pg/l or
below and a significant increase would be a value of
0.63 pg/l or above.
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One method of improving confidence (i.e. improve the
LSC) is to undertake several baseline estimates and to use
the mean value. The confidence is inversely proportional to
the square root of the number of observations. Thus,
confidence is increased two-fold when four baseline
measurements are made.

When monitoring treatment in clinical practice, a one-
sided rather than two-sided probability of 0.05 is appropri-
ate since the direction of change is known and the LSC
would be V2x1.65xCV=2.33xCV. In addition, some
clinicians consider that an 80% probability (p<0.2) is
adequate. In this case, the LSC with a one-tailed test is
(V2x0.84) 1.19 times the intra-individual variation (1.19x
CV) [13].
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Table 8 Currently available commercial assays and their clinical performance for s-CTX and s-PINP

Intra-individual CV (%)

Premenopausal 95% reference interval ~ Analytical CV (%)

Assay analytical
range (ug/L)

Automated

Manufacturer

Commercial assay

9.4 [112]

1.3-4.3 [108]
3.7-5.7 [109]

0.11-0.63 [108]
0.10-0.62 [109]
0.09-0.66 [110]
0.07-0.61 [111]

0.01-6 [108]

Yes

Roche Diagnostics, Indianapolis, IN, USA

3-CrossLaps

s-CTX

<4.1[113]

ECLIA

<5.7 [112, 113]

10.0 [114]
7.2 [113]

2.2-5.5 [114]

0.20-0.90 [114]
16.3-78.2 [108]

16.2-60.9 [109]

0.02-3.38

IDS, Tyne and Wear, UK

3-CrossLaps ELISA
Total PINP ECLIA

s-CTX
s-PINP

2.7-4.4 [109, 113]

5-1,200 [108, 113]

Yes

Roche Diagnostics, Indianapolis, IN, USA

14.6-63.5 [111]

<6

2-230

Yes

No

IDS, Tyne and Wear, UK

Intact PINP CLIA
Intact PINP RIA

s-PINP
s-PINP

3.7-5[113]
7.4 [115]

4.1-7.6 [113]

2.2 [115]
2.9 [114]

16-83 [110]

5-250

UniQ PINP RIA Orion Diagnostica, Epsoo, Finland

17.4-61.6 [114]

9.1 [114]

CV coefficient of variation, ECLIA electrochemiluminescence immunoassay, CLIA chemiluminescence immunoassay, ELISA enzyme-linked immunosorbent assay, R/4 radioimmunoassay

Serum CTX and s-PINP show responsiveness to treatment
and low within-subject variability. Thus, their measurement
usually enables the identification of most responders to
treatment using the LSC approach [114, 116].

Evidence for the utility of bone turnover markers
in monitoring osteoporosis treatment

Changes in BTMs with treatment are associated with
changes in BMD, both for anti-resorptive therapy (see
Fig. 5) [117] and for anabolic therapy [118]. However, the
changes in BMD with therapy are not closely related to the
fracture risk reduction, particularly with anti-resorptive
therapy. For example, the change in spine BMD over
3 years explained only 11% of the reduction in spine
fracture risk with alendronate [119], 18% for risedronate
[120] and close to zero for raloxifene [121]. It has been
proposed that the increase in bone strength following anti-
resorptive treatment may be partly explained by a reduction
in trabecular perforations (i.e. improved bone microarchi-
tecture) that might be captured in the measurement of
BTMs, but not by BMD [27, 122].

Several studies have described the relationship between
the reduction in BTMs following anti-resorptive therapy
and the reduction in vertebral and non-vertebral fracture
risk (Table 9). These studies showed in general that the
larger the decrease in BTM, the larger the reduction in
fracture risk. The percent of treatment effect explained
was only calculated for two of these studies, the
Vertebral Efficacy with Risedronate Therapy (VERT)
and the Multiple Outcomes of Raloxifene Evaluation
(MORE) trials. In the VERT study, the change in u-CTX
and u-NTX at 3 to 6 months explained between 54% and
77% of the fracture risk reduction with risedronate,
depending on the marker, the method of analysis and
the fracture type [123]. In the MORE study, the change in
PINP and OC explained 28% and 34%, respectively, of the
vertebral fracture risk reduction with raloxifene [124,
125].

The alternative way of examining these relationships is
to calculate the relative hazard (or odds ratio) for each
standard deviation decrease in each BTM on treatment.
This analysis has been reported for the Fracture Interven-
tion Trial (FIT; alendronate), Health Outcomes and Re-
duced Incidence with Zoledronic Acid Once Yearly
(HORIZON; zoledronic acid) and MORE (raloxifene) trials
and was of similar magnitude for each marker and each
fracture type, although not all of these reached statistical
significance (see Table 9). It should be noted that these
analyses were also undertaken for teriparatide, but there
was no association between BTM changes and fracture risk
reduction [118]. However, the total number of fractures in
this study was only 74, much fewer than FIT (897), VERT
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(160) or HORIZON (170)—the number was not given for
the raloxifene study.

These analyses also permitted an evaluation of the
relationship between the level of BTM on treatment and
fracture risk (for HORIZON and VERT). In the VERT
study [131], the fracture risk was at its lowest when the u-
CTX level was below a critical point that was equivalent to
the mean value for premenopausal women. This introduced
the notion that one of the goals of treatment might be to
return BTMs to levels in the lower half of the reference
interval for premenopausal women.

_~_~ o~~~ ~ ~
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Strengths and limitations

There are a number of strengths to these analyses. It
appears that the percent of treatment effect explained is
greater for BTMs than for BMD. This was specifically
examined in the FIT trial [126]. Furthermore, the effect of
change in BTMs is independent of change in BMD [126].
These important observations led to the flowering of a
research effort in bone quality to try to identify treatment
benefits other than BMD [122].

The studies provide support for treatment monitoring
using percentage change. Thus, in the FIT study, a decrease
in serum PINP of more than 30% was associated with a
vertebral fracture risk that was 55% less than those with a
decrease of less than 30%. This information can be used
alongside the LSC approach described above to identify
treatment targets. Another treatment target that these studies
have identified is to use anti-resorptive treatments to reduce
BTMs into the lower half of the reference interval for
premenopausal women.

There are limitations to these studies, too. Only five of
the many clinical trials of recent years have been
analysed. Furthermore, only a subset of patients had the
BTM measured in these trials, so that the number of
fractures considered was small; only the FIT study was
of large size [132]. It is possible that the Fracture
Prevention Trial was negative because the BTM sub-
study was too small [118].

The BTMs were not always collected in the correct
way—the s-CTX samples from FIT were mostly non-fasting
[126] and the u-CTX samples from MORE were on first
morning void (not the usual second morning void) [125]. In
the FIT study, the fractures were only counted if they
occurred after the BTM sample was taken [133].

There are a number of statistical pitfalls in these
analyses. Changes in BTMs have a skewed distribution
and data were not consistently normalised. There are two
methods that allow calculation of percent of treatment
effect explained, the Freedman and the Li methods [123].
The Li method is based on survival analysis and so is the
more robust; however, these approaches assume that the
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BTM subset had a reduction in fracture risk, and this is not
always reported. Additional limitations of the percent effect
explained include wide and often uninterpretable confi-
dence intervals and disagreement about the theoretical
underpinnings of the concept.

Future developments

In summary, the available studies relating BTM changes to
fracture risk reduction with osteoporosis treatments are
promising. Further studies are needed that take care of
sample handling, ensure that BTMs are measured in all
available patients and use the appropriate statistical meth-
ods, including an assessment of whether the final BTM
level is a guide to fracture risk.

Other uses for BTMs
Prediction of rate of bone loss

Much of the early work on the clinical utility of BTMs
focused on the prediction of bone loss in women at the time
of the menopause. It was considered that a low BMD along
with a high rate of bone loss might help identify those who
would benefit most from hormone replacement therapy
(HRT) [134]. This approach had assumed that there would
be a subpopulation of ‘fast losers’ but bone loss is normally
distributed. Also, the use of HRT for the prevention of
osteoporosis is an approach no longer widely adopted.

BTMs, together with demographic variables, predict 30—
40% of the variance in bone loss in untreated postmeno-
pausal women [135]. There are consistent associations
between BTMs and bone loss at the distal forearm and the
calcaneus, a modest relationship with bone loss at the hip
and only a weak relationship with bone loss at the spine;
the latter may be related to BMD measurement artifact due
to the high prevalence of spinal osteoarthritis in the elderly
[135]. Increased BTMs in early menopause have an 80%
sensitivity for detecting fast bone losers (bone loss >3%/
year) at the forearm in the next 2—12 years, but they have
not been shown to be sufficiently predictive of bone loss at
the hip or spine in individual patients [135]. Some
physicians might use a high BTM to indicate that rapid
bone loss is quite likely and so review the patient earlier for
BMD monitoring, but BTM thresholds for intervention to
prevent bone loss in menopausal and elderly subjects have
not been defined.

Identification of secondary osteoporosis

The clinical approach to the patient at risk of fractures
should always include a consideration of secondary

@ Springer

osteoporosis. The level of BMD has proven less useful in
selecting individuals for further workup for secondary
osteoporosis [136]. It is possible that BTMs could be used
for this purpose. High levels of BTMs are found in
metabolic bone disease (such as osteomalacia and Paget’s
disease), various endocrine disorders (thyrotoxicosis, pri-
mary hyperparathyroidism) and in malignant bone disease
(e.g. multiple myeloma). Low BTMs may be found in
glucocorticoid-induced osteoporosis. Although experienced
clinicians use BTMs as a signal to investigate further for
secondary osteoporosis, there is no systematic study of this
topic available.

Prediction of response to therapy

BTMs might be used to target interventions. For
example, a high level of bone resorption in an untreated
patient might indicate that a good response to anti-
resorptive therapy is likely whereas a low bone formation
might indicate a favourable response to anabolic
therapy.

The effect of anti-resorptive therapy on BMD may be
greater in women with higher BTMs at baseline. For
example, the increase in spine BMD in response to HRT is
greater in those with higher u-NTX at baseline [31].
However, it is more important to know whether high BTMs
predict better fracture risk reduction with treatments. This
has been examined in response to alendronate and
risedronate. In the FIT, the non-spine fracture efficacy of
alendronate was greater in women with higher s-PINP
before treatment, suggesting that bisphosphonate treatment
may be most effective in women with elevated bone
turnover [132]. This was one positive finding against five
negative findings (no association of non-vertebral fracture
risk reduction with BALP or s-CTX or of vertebral fracture
risk with any marker), and so care must be taken in its
interpretation. In the study of risedronate [137], a higher
baseline u-DPD (total) was associated with a greater gain in
spine BMD in the first year, but it was not related to greater
fracture risk reduction.

Contrary perhaps to expectation, the effect of anabolic
therapy on BMD was greater in women with higher BTMs
at baseline. Baseline BTMs were correlated with change in
spine BMD in response to teriparatide 20 pg/day (with r
values of around 0.4) [118]. However, the baseline BTM
did not predict the relative fracture risk reduction with
teriparatide [138]. Similarly with strontium ranelate,
higher baseline BALP and CTX were associated with
greater increases in spine BMD, but no greater reduction
in vertebral fracture relative risk [139]. There has been no
study in which subjects were stratified according to BTMs
and then randomised to treatment or placebo; results from
such studies would be of interest [67].
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Improving adherence

Adherence to treatment is poor in all chronic diseases;
osteoporosis is no exception [140]. There is some evidence
that the response to treatment is suboptimal in those who
adhere poorly [141, 142].

It is a widespread clinical experience that patients are
encouraged to adhere to medication when information
about the beneficial effects of the drug is fed back to them.
It has been hard to test this in the clinical trial setting
because patients who enter clinical trials usually adhere to
therapy.

Two studies have examined the effect of monitoring
treatment on adherence [143, 144]. In a randomised open
study of women treated with raloxifene [143], one group
was unmonitored and two other groups monitored, — one by
feedback from regular visits to a nurse and the other with
the addition of feedback about the results of measurement
of u-NTX. When the results of the two monitored groups
were examined, adherence to treatment was significantly
improved compared to the unmonitored group. However,
when the monitored groups were split, there was no
significant difference in adherence between those who were
interviewed alone and those who had feedback on marker
values. This suggests that it was the contact with the nurse
that was the determinant of adherence, rather than the
feedback on BTMs.

A second study, the Improving Measurements of
Persistence on Actonel Treatment study [144], was a
controlled trial of risedronate where one group received
feedback from measurements of u-NTX at 10 and 22 weeks
of a year-long treatment. No difference in persistence was
seen between the two groups at 1 year, though persistence
was high (approximately 80%). In women who had a good
response to treatment as judged by a fall in u-NTX of 30%
or more, persistence was improved, but in those who
responded poorly in terms of a 30% or greater increase in u-
NTX, persistence was worse.

Both studies found that patients who received a positive
message (they were responding) also had better compli-
ance. Unfortunately, the converse was also true that patients
who received a negative message had worse compliance
than the rest of the group.

Research priorities and the need for bone turnover
marker reference standards

The review has identified several challenges in the
clinical utility of BTMs. Some of these challenges could
be met by the adoption of reference analytes and
reference standards that should be included in all studies,
ideally one bone formation and one bone resorption

marker. This would not preclude the use of other BTMs
in these studies but provide internal references and the
ability to pool studies more easily. Specifically, this
would permit:

1. Meta-analyses of prediction studies; whether BTMs
predict fractures, and if so, to examine the nature of that
relationship.

2. Appropriately powered cohort studies with samples
collected and stored under optimal conditions so that
BTMs can be considered alongside other risk factors
for fracture in the FRAX® algorithm.

3. Inclusion in clinical trials, measurements of the
reference BTMs in all subjects to allow careful study
of the relationship between change in BTM and
fracture risk reduction and also examine the relation-
ship between the baseline BTM and fracture risk
reduction and the relationship between BTM on
treatment and fracture risk.

Furthermore, appropriate characterisation of the refer-
ence range for different analytes and efficient generation of
normative values remain a priority. These should be
supplemented by regular and consistent external control.

Criteria for the selection of reference bone turnover marker
standards

1. The reference BTMs should be adequately character-
ised and clearly defined.

2. The reference BTMs should be bone specific and
should ideally perform well both in fracture risk
prediction as well as in monitoring treatments used or
trialled for osteoporosis treatment amongst women and
men.

3. The reference analyte assay should be widely available
and the intellectual property covering its use should
preferably not be the monopoly of a single owner.

4. The reference BTMs should have biological and
physicochemical characteristics that make them suit-
able candidates for practical laboratory use in terms of
biological and analytical variability, sample handling,
stability, ease of analysis etc.

5. The reference BTMs should be measurable by meth-
odology (ideally automated) that is widely available in
routine clinical laboratories.

6. Whilst the medium of measurement could be either
blood or urine, the ideal medium is blood as intra-
individual variation is significantly greater for urine
than for blood since urine measurements have to be
corrected for creatinine, which introduces another
source of variation. On the other hand, the use of a
urine sample avoids the invasive venepuncture associated
with a blood sample and may be preferred by patients.
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Recommendations for reference bone turnover markers
Serum CTX

We have chosen s-CTX as the reference standard for bone
resorption. The rationale for this is given in relation to the
above criteria:

1. The standard in the assay is well characterised and is an
eight-amino acid peptide, and this allows the develop-
ment of clearly defined reference standard. An immu-
noassay has been available for some time. Of course,
the peptides in the serum that cross-react with such
antibodies have a wide range of molecular weights
[145].

2. None of the degradation products of type I collagen
is specific to bone, and CTX is no exception.
However, it is likely that most CTX is derived from
osteoclastic bone resorption given that treatments
that reduce bone turnover such as denosumab reduce
such markers to very low levels in most individuals
(see Fig. 5). It has been evaluated both for fracture
prediction and monitoring osteoporosis therapies (see
Tables 4 and 9).

3. The marker is widely available as an ELISA kit or on
automated immunoassay analysers (Roche, IDS). How-
ever, the intellectual property is with a single owner.

4. The biological and analytical variability of s-CTX have
been well documented (see Table 8) as are the require-
ments of sample handling and stability.

5. The assay has been automated and is widely available.
When the automated platform is not available, the
ELISA would be available.

6. The assay is available for serum or plasma (EDTA
preferred).

Serum PINP

We have chosen s-PINP as the reference standard for bone
formation. The rationale for this is given in relation to the
above criteria:

1. PINP reflects the synthesis of the most abundant
protein of bone tissue. The standard in the assay is less
well characterised than for CTX. The molecular weight
is much larger at 35,000 Da. Immunoassay has been
available for some time. These may recognise the
trimeric (intact) molecule or both the monomer and
trimer (total).

2. Neither of the formation products of type I collagen is
specific to bone, and PINP is no exception. However, it
is believed that most PINP is produced during bone
formation. It has been evaluated already for fracture
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prediction and monitoring osteoporosis therapies (see
Tables 4 and 9).

3. The marker is widely available as an RIA (Orion), or
on automated immunoassay analysers (Roche, IDS).
There are two types of assay and so the intellectual
property is not just held by one source.

4. The biological and analytical variability of s-PINP have
been well documented (see Table 8) as is knowledge of
its sample handling and stability.

5. The assay has been automated and is widely available.
When the automated platform is not available, the RIA
or ELISA would be available.

6. The assay is available for serum or plasma.

Standardisation

Over and above the identification of the reference BTMs,
an important further step is to standardise the measurement
of each marker with the aim of obtaining comparable values
for each marker irrespective of the laboratory in which the
measurement is made or the method utilised [146]. The use
of internationally agreed decision limits and target values
for these markers requires that measurements are univer-
sally comparable. Standardisation and the establishment of
a reference system [147] for the BTMs is the route to
achieve this. IFCC has an extensive experience with this
process [148—152].

Standardisation of measurement requires the develop-
ment of a reference measurement system for each BTM, the
components of which are as follows [153]: Where possible,
the marker (the measurand) should be clearly defined by
molecular structure and weight. The pure form of the
primary standard material is produced, and a certified value
is assigned to that by first principles, e.g. amino acid
sequence analysis, and is used to calibrate a primary
reference measurement procedure. The National Institute
of Standards and Technology and the Institute for Reference
Materials and Measurements are usually the repositories of
the reference standard material (http://irmm.jrc.europa.eu;
http://ts.nist.gov//measurementservices/referencematerials/
index.cfm). This primary reference standard material is
then used to value assign secondary reference materials
using a higher-order reference method such as liquid
chromatography—mass spectrometry. Adequate amounts of
the secondary reference material are produced and
distributed to manufacturers of commercial assays of the
analyte in order to calibrate and audit their reference
measurement procedure. The manufacturers’ measurement
procedures are then used to produce calibrators for their
routine commercial assays, which are used in the clinical
laboratories. In this way, all routine measurements can be
traced to the primary reference material [154, 155]. The
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cooperation of in vitro diagnostics companies is of course
critical to this process.

It has to be borne in mind that issues of commutability of
reference materials (that is the ability of a reference or
calibrator material to behave similarly to human samples
such as serum or urine in assay systems) as well as the
imprecision and specificity of particular commercial assays
will also have a significant impact on the practical outcome
of the implementation of the reference system [146].
However a considerable body of knowledge has been
developed on these issues in recent years [156].

Harmonisation

The steps towards attaining international standardisation of
assays can be slow and laborious. It is possible that a
strategy of harmonisation of assays could be adopted as a
short-term interim solution. This strategy would involve
comparison studies between different routine clinical
assays, plus a higher-order assay, by distributing a panel
of human samples for measurement by each of the available
assays. The results produced by different assays are
analysed by Deming regression and compared to the overall
mean for all assays to identify the bias for each routine
assay. These data can then be used to correct the bias of
various systems in order to obtain a consensus mean and
harmonisation of results [157]. The use of correction factors
will minimise the systematic differences between results
produced by different assays.

Conclusion

Whilst recognising that there is no perfect BTM (or gold
standard), the adoption of reference analytes would assist in
the accumulation of trial data on BTMs in order to expedite
their incorporation into clinical practice. Following the
identification of these reference analytes, standardisation of
their measurement is envisaged as the next step to be
undertaken by this working group in ensuring consistency
and comparability of data. IOF and IFCC consider that
reference standards for bone formation and resorption
markers should be established and that assays based on
these standards be used consistently in future clinical trials
and observational studies. In conclusion, this review
supports the role of BTMs in the management of patients
with osteoporosis. The adoption of international reference
standards will markedly enhance laboratory consistency
and facilitate their inclusion in routine clinical practice.
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