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Abstract

Introduction The aim was to analyse data on the use of
biochemical bone turnover markers (BTM) in postmeno-
pausal osteoporosis.

Methods We carried out a comparative analysis of the most
important papers concerning BTM in postmenopausal
osteoporosis that have been published recently.

Results The BTM levels are influenced by several factors.
They are moderately correlated with BMD and subsequent
bone loss. Increased levels of bone resorption markers are
associated with a higher risk of fracture. Changes in the
BTM during the anti-osteoporotic treatment (including
combination therapy) reflect the mechanisms of action of
the drugs and help to establish their effective doses.
Changes in the BTM during the anti-resorptive treatment
are correlated with their anti-fracture efficacy.

Conclusion Biological samples should be obtained in a
standardised way. BTM cannot be used for prediction of the
accelerated bone loss at the level of the individual. BTM
help to detect postmenopausal women who are at high risk
of fracture; however, adequate practical guidelines are
lacking. BTM measurements taken during the anti-resorp-
tive therapy help to identify non-compliers. They may
improve adherence to the anti-resorptive therapy and the
fall in the BTM levels that exceeds the predefined threshold
improves patients’ persistence with the treatment. There are
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no guidelines concerning the use of BTM in monitoring
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Introduction

Bone metabolism is characterised by two opposing activ-
ities coupled in time and space at the level of a basic
multicellular unit (BMU) [1]. Bone resorption consists of
the dissolution of bone mineral and catabolism of the bone
matrix constituents by osteoclasts, leading to formation of a
resorptive cavity and release of bone matrix components.
During bone formation, osteoblasts synthesise bone matrix,
which fills up the resorption cavity and undergoes rapid
primary mineralisation followed by the slow long-term
secondary mineralisation.

Bone formation can be assessed by biochemical markers
such as osteocalcin (OC), bone-specific alkaline phospha-
tase (BAP) as well as N-terminal and C-terminal propep-
tides of type I procollagen (PINP, P1CP) [2]. Type I
collagen is the most abundant protein of bone matrix. PINP
and P1CP are cleaved during the extracellular metabolism
of procollagen and released into the blood, whereas the
central part of the molecule is incorporated into the bone
matrix. PINP and P1CP are not specific to bone; however,
bone has a faster metabolism than other tissues containing
type I collagen and most serum PINP and P1CP originates
from bone. BAP is an enzyme located on the outer surface
of osteoblasts, most probably involved in the regulation of
the mineralisation of osteoid. OC is a vitamin K-dependent
protein synthesised by osteoblasts and odontoblasts. It
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contains three gammacarboxyglutamic residues and its
function has not been clearly established. Serum levels of
bone formation markers correlate positively with histomor-
phometric parameters of bone formation [3-5]. They are
also positively correlated with the radiotracer kinetic
estimates of the bone mineral accretion; however, this
association may depend on the bone mass [6, 7].

Bone resorption can be assessed by several biochemical
markers, e.g. N-terminal and C-terminal crosslinking
telopeptides of type I collagen (NTX-I and CTX-I), C-
terminal crosslinking telopeptides of type I collagen
generated by metalloproteinase (CTX-MMP, ICTP), helical
peptide 620-633, deoxypyridinoline (DPD), hydroxylysine
(HLys) glycosides, hydroxyproline (HPro) or isoform 5b of
tartrate-resistant acid phosphatase (TRACP5b). NTX-I,
CTX-L, ICTP and helical peptide 620—633 are mixtures of
products of catabolism of type I collagen containing specific
amino acid sequences, being antigenic epitopes. Then, they
are catabolised to smaller molecules such as DPD, HLys and
HPro. The catabolism of these peptides occurs partly in the
tubular kidney cells. TRACPS5D is an iron-containing enzyme
synthesised by osteoclasts that can function as a phosphatase
at acidic pH; however, its biological function is unknown
[8]. Urinary excretion of DPD is correlated positively with
histomorphometric parameters of bone resorption [9]. Esti-
mates of bone resorption from radiotracer kinetic studies are
correlated with baseline levels of bone resorption markers
[10]. Also, during the anti-resorptive treatment, changes in
the levels of bone resorption markers and in the radiotracer
kinetic indices are strongly correlated [10, 11].

The histomorphometric and radiotracer studies show that
bone turnover markers (BTM) levels are good measures of
the corresponding metabolic processes at the tissular level
in the entire skeleton. However, in the physiology and
many pathologies, bone formation and resorption are
coupled. Thus, bone resorption markers may be correlated
with the histomorphometric and radiotracer kinetic indices
of bone formation, whereas serum levels of the bone
formation markers may be correlated with the histomor-
phometric and kinetic indices of bone resorption [3—11].

General limitations of BTM and pre-analytical
variability

Clinical interpretation of biological measurements is more
reliable if their analytical and pre-analytical variability is low.
The analytical variability, assessed by using the interassay and
intra-assay coefficients of variation, is critical for the accuracy
of the BTM measurements. The analytical variability depends
on the marker and on the method. This large technical subject
will not be presented in this paper, which focusses on the
clinical aspects. Pre-analytical variability comprises a large
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number of factors divided into two groups: controllable
factors and factors that are not easily modified (Table 1).
Controllable factors comprise circadian, menstrual and
seasonal variability, fasting and feeding status as well as
exercise. Circadian rhythm has a very strong impact on the
variability of some of the BTM levels. Bone resorption peaks
in the second half of the night (between 3 and 7 a.m.) and has
its nadir in the late afternoon [12—17]. The time of the peak is
similar for different bone resorption markers whereas the
amplitude is higher for CTX-I (for serum (-3-CTX-I and
urinary CTX-I 40-60% of the average concentration) than

Table 1 Determinants of the pre-analytical variability of bone
turnover

Determinants

Controllable determinants
Circadian variation
Menstrual variation
Seasonal variation
Fasting and food intake (serum (3-CTX-I)
Exercise and physical activity
Determinants that are not easily modified
Age
Sex
Menopausal status
Vitamin D deficit and secondary hyperparathyroidism
Diseases characterised by an acceleration of bone turnover
Primary hyperparathyroidism
Thyrotoxicosis
Acromegaly
Paget’s disease
Bone metastases
Diseases characterised by a dissociation of bone turnover
Cushing’s disease
Multiple myeloma
Diseases characterised by a low bone turnover
Hypothyroidism
Hypoparathyroidism
Hypopituitarism
Growth hormone deficit
Renal impairment (depending on the stage)
Recent fracture
Chronic diseases associated with limited mobility
Stroke
Hemiplegia
Dementia
Alzheimer’s disease
Medications
Oral corticosteroids
Inhaled corticosteroids (only osteocalcin)
Aromatase inhibitors (anti-aromatases)
Gonadoliberin agonists
Anti-epileptic drugs
Thiazolidinediones
Heparin
Vitamin K antagonists
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for other markers, e.g. DPD and serum or urinary NTX-I
(10-35%). Certain studies show circadian variation of bone
formation; however, this variability is lower and the
amplitude represents 5-25% of the average level [12, 13,
18]. Such low amplitude could not be detected in certain
studies carried out in small, non-homogenous groups.

Several factors can modulate the circadian variability of
the BTM levels. Certain factors, e.g. menopause or sex,
strongly influence the average BTM levels, but only weakly
their circadian pattern. Food intake has a strong effect on
bone resorption, especially on serum CTX-I levels, whereas
its effect on bone formation is weak or negligible [12, 19].
Fasting reduced (although did not abolish) the morning
decrease in the serum CTX-I concentration [12]. This
postprandial decrease in bone resorption is most probably
mediated by glucagon-like peptide 2, the synthesis of which
is stimulated by food intake [20]. Some factors have a
limited effect on the amplitude of the BTM, e.g. the
amplitude was increased in postmenopausal osteoporotic
women (compared with the postmenopausal women with
normal BMD), but lower during the treatment with
bisphosphonates. Other factors, e.g. endogenous cortisol
secretion, day—night cycle, bed rest, season (in healthy,
normally nourished persons) or calcium intake, have a
small and not clinically significant effect on the circadian
variation of bone turnover. In postmenopausal women,
leisure daily physical activity and light physical exercise
have no significant effect on the BTM levels [21-23].

Bone turnover marker levels are also influenced by
factors that are not easily modified. In postmenopausal and
elderly women, the major uncontrollable factors are
diseases and associated bed rest and immobility, medica-
tions, nutritional status and recent fractures. Several
diseases can influence the BTM. Bone formation and
resorption markers are increased in metabolic bone diseases
characterised by an acceleration of bone turnover, such as
Paget’s disease (BAP and bone resorption), primary
hyperparathyroidism, thyrotoxicosis, acromegaly [3, 24—
29]. Bone resorption markers are increased and bone
formation markers are decreased in the diseases character-
ised by the dissociation of these processes, such as
Cushing’s disease or multiple myeloma [30-33]. Bone
formation and resorption are mildly decreased in diseases
characterised by low bone turnover, such as hypoparathy-
roidism or hypopituitarism [34, 35]. Change in the BTM
levels depends on the severity of the disease—the more
severe the disease, the more abnormal the BTM levels [32,
34, 36]. During treatment, the clinical improvement is
usually accompanied by normalisation of the BTM levels
[26-30, 37].

Bone turnover marker levels are usually markedly increased
(even several times the upper limit of the normal range) in
patients with bone metastases, especially in postmenopausal

women mainly with breast cancer [38, 39]. Practically all the
BTM are elevated; however, ICTP and the native non-
isomerised form of CTX-I (x-a-CTX-I) seem to be most
strongly influenced by the bone involvement [38—40]. By
contrast, the BTM levels can be close to the normal range in
patients receiving an efficacious anticancer treatment [41, 42].

Increased BTM levels, especially bone resorption, are
found in the institutionalised elderly and in patients with
chronic diseases associated with prolonged bed rest and
limited mobility such as dementia, Alzheimer’s disease,
stroke, hemiplegia, and Parkinson’s disease [43—49].

Bone turnover marker levels are influenced by a recently
sustained fracture. During the first hours after a fracture, the
OC level decreases due to high cortisol secretion induced
by stress [50]. Then, bone formation and resorption markers
increase promptly and significantly (30-100%) reflecting
the healing of the fracture [50, 51]. The BTM levels are
markedly increased for at least 4 months after the fracture,
then they decrease, but may remain elevated even 1 year
after fracture [50-52].

Effect of drugs on BTM

Several groups of drugs influence BTM. The effect of drugs
used in the treatment of metabolic bone diseases on the
BTM levels will be described in the last part of this paper.

Corticosteroids increase the risk of osteoporosis. They
promptly inhibit bone formation, a fall in the OC level
being consistently most significant and most rapid followed
by a delayed and milder decrease in PICP, PINP and BAP
[53]. Bone resorption can increase, especially after treat-
ment exceeding 3 months, but data are less consistent. Most
studies focussed on long-term (>6 months) corticotherapy
with high doses (>7.5 mg prednisone daily). Low-dose
prednisone (5 mg daily) decreased bone formation but not
bone resorption [54]. Inhaled corticosteroids induced a
small but statistically significant decrease in the OC
concentration [55, 56]. This effect was dose-dependent,
but varied according to the corticosteroid [57, 58]. By
contrast, their effect on other BTM was not significant [55,
59, 60]. In the analysis of the effect of corticosteroids on
the BTM several points should be taken into account. Their
effect seems to be stronger in postmenopausal than in
premenopausal women [61]. Their effect depends on the
underlying disease. In bronchial asthma, changes in the
BTM reflect the undesirable effect of corticosteroids on
bone turnover, while chronic inflammatory diseases such as
rheumatoid arthritis may induce changes in bone turnover.
In these patients, higher bone resorption may confound the
effect of corticosteroids on BTM. Corticosteroid-treated
patients usually have a more severe disease than patients
who do not receive corticosteroids [62]. In the longitudinal
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studies, changes in the BTM reflect mainly the pharmaco-
logic effect of corticosteroids and depend on the severity of
the disease at baseline [63].

Inhibitors of aromatase are used in the treatment of
breast cancer. They reduce the residual concentrations of
oestrogens, which results in an additional acceleration
of bone turnover and subsequent bone loss [64—67]. In
treatment-naive postmenopausal women with breast cancer,
aromatase inhibitors increase the BTM levels by 10-35% in
comparison with baseline (i.e. postmenopausal levels) [64—
67]. This increase is not observed in the case of
concomitant treatment with bisphosphonates or tamoxifen
[64, 66, 67].

Some anti-epileptic drugs (AED) induce metabolic bone
disease characterised by abnormal BTM levels. AED such
as phenytoin, phenobarbital, carbamazepine, oxcarbazepine
or primidone stimulate the activity of hepatic cytochrome
P450 hydroxylase enzymes leading to increased synthesis
of inactive 24-hydroxylated metabolites of vitamin D [68,
69]. Patients treated with these AED have decreased
concentrations of bioavailable fractions of sex steroids
[70]. In patients treated with the above AED, levels of
markers of bone formation and bone resorption are higher
[71-74]. Some non-enzyme-inducing AED (valproic acid,
lamotrigine) can mildly increase serum OC and ICTP levels
without influencing 25-hydroxycalciferol (250HD) con-
centration [75, 76]. However, the mechanism of their
action on bone metabolism is not known. Discordances
between studies on AED may be due to the methodolog-
ical problems. Groups are often small and treatment
duration varies substantially. BTM levels can be also
influenced by non-fasting status (for bone resorption
markers) and season (especially for AED that interfere
with vitamin D metabolism).

Statins (-hydroxy-f3-methylglutaryl-CoA reductase
inhibitors) influence bone metabolism in experimental
studies and moderately decrease the fracture risk [77].
However, in most studies the effect of the statins is not
significant [78-81]. In other studies, their effect is weak
(about 10%), limited to certain BTM and inconsistent [82—
85]. The effect on the BTM levels did not differ between
the lipophilic statins (e.g. atorvastatin, simvastatin) and
hydrophilic pravastatin.

Thiazolidinediones (TZD), agonists of the perioxisome
proliferators-activated receptor (PPAR), are used in the
treatment of diabetes and other clinical conditions charac-
terised by insulin resistance [86]. Currently, two TZD are
commercially available (rosiglitazone and pioglitazone),
whereas troglitazone has been withdrawn because of
hepatotoxicity. TZD-induced activation of PPAR in mesen-
chymatous cells promotes their differentiation into adipo-
cytes in preference to osteoblasts. The consequent
deficiency of the osteoblast number results in moderately

@ Springer

decreased concentrations of the bone formation markers
[87]. BAP and PINP decrease (5-15%) more than OC,
probably because TZD act mainly on the young forms of
cells of osteoblastic lineage [88-90]. TZD showed no
consistent meaningful effect on the markers of bone
resorption. However, data on the effect of TZD on BTM
are limited to short-term studies and the effects of TZD on
the BTM and BMD are somewhat disparate, e.g. troglita-
zone decreased BTM levels, but not BMD [89, 90].

Long-term treatment with unfractionated heparin de-
creased bone formation, increased bone resorption and
resulted in development of osteoporosis [91]. Low molecular
weight heparins have a more subtle effect on bone—they
slightly inhibit bone formation and weakly decrease BMD.
However, most data concerning the effect of wvarious
heparins on bone are based on experimental studies and
there are few clinical data.

Vitamin K antagonists (oral anticoagulants) inhibit
gamma carboxylation of OC and increase its under-
carboxylated fraction [92-95]. As gamma carboxylation of
OC is important for its secretion by osteoblasts, patients
treated with these drugs have decreased concentration of
total OC in some [92, 95], but not all [93, 94], studies.
Other BTM are not influenced by oral anticoagulants [92].

In the elderly, bone metabolism and BTM levels are
strongly influenced by vitamin D and calcium status, which
itself is determined by seasonal changes and nutritional
factors [96]. BTM levels are markedly increased mainly in
the institutionalised and home-bound vitamin D-deficient
elderly, who have lower concentrations of 250HD and
higher concentrations of parathyroid hormone (PTH) than
the ambulatory ones [97, 98]. 250HD is lower and PTH
and BTM levels are higher during winter [98, 99].

The above effects vary by the factor, its intensity and the
BTM, e.g. the circadian rhythm has a stronger effect on
CTX-I than on other BTM. The circannual rhythm of BTM
levels is more pronounced in the elderly than in young
persons. The effect of the fasting—eating pattern on BTMs
is stronger than that of physical activity. The effect of
diseases on the BTM varies according to their severity, e.g.
extension of bone metastases, gravity of renal failure.
Drugs vary according to their effect, which is stronger for
inhibitors of aromatase and weaker for heparin, TZD or
AED. Their effect on BTM depends on the dose, duration
of treatment and underlying disease.

How to deal with the pre-analytical variability
in the clinical practice?

Thus, as pre-analytical variability has a strong effect on
BTM levels, a detailed questionnaire is necessary to assess
correctly their measurements [100]. Several factors may
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coexist in one person. In a patient with severe rheumatoid
arthritis, BTM may be determined by the disease itself,
long-term corticotherapy and limited mobility. A house-
bound demented elderly person may have increased BTM
levels due to poor mobility, malnourishment, and low
exposure to sunlight. Certain factors may influence specif-
ically certain BTM, e.g. inhaled corticosteroids and vitamin
K antagonists may decrease the OC level, but have no
effect on other BTM. Certain results have to be assessed
cautiously, e.g. an expected increase in the BTMs during
treatment with anti-aromatases may obscure development
of bone metastases.

Collection of serum and urinary samples for the
reference values and in the patients should be performed
under standardised conditions, preferably in the fasting
state in the morning. For urinary collection, the choice
between a spot (usually second morning void [SMV]) and a
24-h collection is a trade-off between the biological interest
and practical reliability. Twenty-four-hour urinary collec-
tion is representative of the overall bone metabolism, but
difficult to perform in a controlled way. By contrast, the
spot collection may be performed easily and repeated in a
controlled way and most of the reference data on urinary
bone resorption markers were obtained in the SMV urines.
The correlation between the SMV urines and the 24-h urinary
collection is significant (#=0.28-0.72), but varies according
to the marker and the cohort investigated [101] (and our
unpublished data from the OFELY cohort).

Changes in bone turnover markers levels
after the menopause

In young adults, the quantity of bone formed at a BMU is
equal to that removed by resorption [l]. After the
menopause, activation of bone resorption increases the
number of BMUs and levels of bone resorption markers
[102]. A slight increase in BTM in the perimenopausal
period results from the early decrease in oestrogen
secretion. BTM levels increase rapidly during the meno-
pause, then remain relatively stable throughout life [102—
104]. Bone formation increases to fill in the higher number
of resorption cavities, which increases serum levels of bone
formation markers. However, the quantity of bone formed
is lower than the quantity of bone resorbed, which results in
a net bone loss at the BMU level. Bone loss in a single
BMU is small and the global bone loss is determined
mainly by the increased number of BMUs, which itself is
the principal determinant of postmenopausal BTM levels.
After the menopause, BTM levels correlate negatively with
BMD (in most studies, »=—0.35 to —0.40) [102, 105-107].
The negative correlation is observed regardless of the
skeletal site, BTM, time elapsed after the menopause and

the use of hormone replacement therapy (HRT). Thus, these
data indicate the role played by high bone turnover as a
determinant of BMD in postmenopausal women.

Association between the BTM levels and the rate
of bone loss

In some studies baseline bone turnover rate is correlated
significantly with the subsequent bone loss [108]. This
association of variable degree for different skeletal sites was
found both in perimenopausal and postmenopausal women
[109-111]. However, for a given level of a bone marker,
there is a large scatter of individual values of bone loss
(Fig. 1) [112].

Strength of the association between the BTMs and the
rate of bone loss depends largely on the accuracy of their
measurements. The estimation of bone loss depends on the
skeletal site, BMD precision error in comparison with the
yearly bone loss, follow-up duration and number of scans
per person. Yearly rate of bone loss is small in comparison
with the precision error of DXA. The precision is better for
the distal forearm than for the hip. At the lumbar spine, rate
of bone loss also depends on the progression of lumbar
arthritis. Therefore, BTMs are better correlated with bone
loss at the distal radius than with that at the spine, hip or
calcaneum [104, 105, 108, 113-119]. The longer the
follow-up and the more BMD measurements per person
(on the same device), the more accurate is the estimation of
bone loss and the stronger is its correlation with the BTM
levels. Assessment of the rate of bone loss on the basis of
two measurements is more influenced by the measurement
error [120]. However, in long follow-ups other factors can
intervene and influence the BTM levels and the rate of bone
loss.

In the OFELY study, BMD was measured yearly for 4
years [111]. The BTM levels correlated negatively with the
rate of bone loss at the distal radius where the precision
error was comparable to the yearly bone loss. Conversely,
the association between the BTM levels and bone loss at
the hip was weaker in the SOF study, where BMD was
measured twice and the coefficient of variation of DXA was
higher than the average yearly bone loss [117].

Another approach is to define thresholds of the BTM
levels that identify the fast bone losers, i.e. women who
have a rate of bone loss that is faster than a predefined
threshold, e.g. 3% per year or the highest tertile [121]. In
some cohorts, women who had BTM levels above the
predefined threshold had a higher risk of being a fast bone
loser [111, 122]. However, at the individual level, the
increased BTM levels identified only 40-55% of the fast
bone losers [111, 121, 122]. It indicates that the BTM have
limited value to identify fast bone losers.
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Thus, the peri- and postmenopausal acceleration of bone
turnover contributes to the subsequent bone loss. However,
BTM cannot be used for prediction of accelerated bone loss
at an individual level in clinical practice because of these
limitations.

Association between the bone turnover rate and the risk
of fracture

Increased BTM levels predict fragility fractures independently
of age, BMD and prior fracture. This association has been
assessed prospectively in several cohort studies (Table 2)
[123-132] and in case-control studies [133—137]. This
association to various degrees has been found both in
postmenopausal and in elderly women, in an unselected
population and in osteopenic women, but not in the frail
elderly in whom incident falls were the strongest predictor of
fractures [123—138]. BTM levels are predictive of all
fractures, vertebral fractures, hip fracture and multiple
fractures. This association was found, though not consistently,
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for bone resorption markers [124, 125, 131]. Bone formation
markers are not associated with the fracture risk, except
BAP, which predicted fragility fractures in some cohorts
[124, 125, 131]. By contrast, less specific BTMs (total
alkaline phosphatase, HPro) did not predict fractures during
a 20-year follow-up [129]. In two cohorts of women,
analysis of three major predictors, i.e. BMD T-score <
—2.5, BTM level > 2 SDs above the mean in premenopausal
women and prior fracture showed that each of them
contributed independently to the prediction of hip fracture
(Fig. 2) [139]. Higher urinary CTX-I level also remained a
significant predictor of hip fracture after adjustment for heel
broadband ultrasound attenuation (BUA); however, combin-
ing CTX with either femoral neck BMD or heel BUA
increased weakly the global predictive power for hip fracture
[136]. Importantly, osteopenic women with high BTM levels
are at a risk of fracture similar to that of osteoporotic women,
whereas osteopenic women with normal BTMs have a low
fracture risk comparable to that of postmenopausal women
with normal BMD (Fig. 3) [131]. Even more interestingly,
increased urinary levels of total DPD was associated with a
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Table 2 Prediction of the fragility fractures by bone turnover markers (BTM) in postmenopausal women in the cohort studies
Reference Number of women, Follow-up Type and number of fractures BTM and significance level
age range duration
[123]®® 328 peri- and postmenopausal 5 years 15 spine fractures and 37 oC - p=NS
women (most of them untreated) non-spine fractures in 43 PICP OR=1.8 p=0.015
women ICTP OR=1.9 p=0.043
[124] ™ © 435 postmenopausal untreated S years 21 spine and 37 non-spine BAP RR=2.4 95%CI:
women aged 50-89 years fractures in 55 women 1342
U-CTX-1 RR=2.3 95%CI:
1.3-4.1
OC, PINP, U-NTX-I S-CTX-1 RR=2.1 95%CI:
p=NS 1.2-3.8
Free DPD RR=1.8 95%CI:
1.0-3.4
[125]*® 512 postmenopausal women 2.7 years 33 spine and 25 non-spine BAP OR=1.45 95%ClI:
(43-80 years) fractures in 55 women 1.11-1.89
U-CTX-1 OR=1.39 95%CI:
1.06-1.83
[126] * ¢ 348 elderly women aged S years (up to 83 non-spine fractures Non-spine RR=2.6 95%ClI:
70-96 years 7.6 yrs) (including 16 hip fractures) U-NTX-1 1.3-5.0
Hip U-NTX-I RR=2.6 95%Cl:
0.8-8.1
[127] % © 408 postmenopausal untreated 6.8 years 16 vertebral fractures and 55 U-CTX-I RR=1.9 95%ClI:
women aged 50—-89 years peripheral fractures in 65 1.1-3.2
women U-a-L-CTX-1 RR=2.0 95%ClI:
1.1-3.4
U-B-L-CTX-1 RR=1.7 95%CI:
1.0-2.9
[1281>¢ 603 postmenopausal osteoporotic 3 years 71 vertebral fractures S-0C OR=10.92  95%CI:
women aged 50-80 years (deterioration of spinal 2.22-53.8
deformity index) U-CTX-I OR=1.37 95%CI:
1.003-1.53
BAP p=NS
[129] #® 225 postmenopausal women 14 years 110 women with > | low S-OC, BAP, HPro - p=NS
aged 37-94 trauma fracture
[130] > ¢ 1,040 women aged 75 4.6 years 231 clinical fractures in TRACPSb OR=1.55 95%CI:
(3to6) 178 women 1.09-2.20
S-OC, BAP, DPD, - p=NS
S-CTX-1
[131]% ¢ 322 postmenopausal osteopenic 9.1 years 76 low-trauma fractures in BAP HR=2.2 95%CI:
women 54 women 1.4-3.8
[132]> ¢ 1,040 women aged 75 9 years 364 women with > 1 TRACPSb, S-CTX- HR=1.3-1.4 p <0.05
(7.4-10.9) low-trauma fracture 1, U-OC
S-intact-OC, S- - p=NS
total-OC, BAP
[133]% ¢ 504 elderly women aged > 22 months 126 hip fractures U-CTX-I OR =22 95% CI:
75 years 1.3-3.6
Free DPD OR =19 95% CI:
1.1-3.2
[134]% ¢ 408 elderly women aged > 3.3 years 115 hip fractures S-CTX-1 HR =186 95% CI:
75 years 1.01-3.76
[1371 " 407 elderly women aged > 3.8 years 20 women with fractures All—Free DPD OR = 1.6 95% CI:
55 years 1.0-2.5
Hip—Free DPD OR =3.7 95% CI:
1.2-11.7

* Per 1 SD increase

® Cohort study

°Results for the highest quartile of BTM
9Per 1 log-transformed unit

°Highest vs lowest tertile

f Above the upper limit of the premenopausal range
€ Prospective nested case-control study
" Two upper tertiles vs lowest tertile
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Fig. 2 Ten-year probability of hip fracture in Swedish women
according to age and relative risk. The symbols show the effect of
risk factors on fracture probability derived from women aged 65 years
(OFELY study) or 80 years (EPIDOS study). Data from the OFELY
study are derived from information on all fractures. The following
threshold values were used for the risk factors: low BMD—T-score <
—2.5, high CTX—above premenopausal values. (Reproduced with
permission from [139])

higher risk of hip fracture in selected elderly women with
normal BMD from the EPIDOS cohort [140].

Data from the pharmaceutical trials show that the BTM
measures improve the identification of women who will
benefit the most from the anti-osteoporotic treatment, a way
to improve the cost-effectiveness of the treatment. In the
Fracture Prevention Trial, fracture risk was highest in
women with increased BTM levels [141]. As teriparatide
(recombinant human PTH-(1-34)) decreased the fracture
incidence similarly regardless of the pre-treatment bone
turnover rate, the number of avoided fractures was larger
and the number of women needed to treat to avoid one
fracture (NNT) was smaller in women with high BTMs
[132]. Alendronate reduced the risk of fracture in osteo-
penic women with high BTMs, but not in those with low
BTMSs [142]. Statistical simulations show that use of BTMs
may improve the identification of osteopenic women at
high risk of fracture and the cost-effectiveness of their
treatment with alendronate [143]. However, these data
should be confirmed in prospective studies.

Thus, BTM measurement may improve the identification
of women at high risk of fracture. However, practical
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guidelines for the use of BTMs for the prediction of
osteoporotic fractures have not been updated since the
publication of the working group from the International
Osteoporosis Foundation in 2000 [144].

Mechanisms of the association between bone turnover
and bone fragility

Several mechanisms relate accelerated bone turnover to
increased bone fragility. During the high bone turnover, net
bone loss is greater and BMD is lower, consistent with the
negative correlation between BTM levels and BMD after
menopause [102, 104—107]. Increased bone turnover is
associated with faster bone loss and deterioration of bone
microarchitecture, both in the trabecular compartment
(trabecular perforations, loss of entire trabeculae, deteriora-
tion of the trabecular connectivity) and in the cortical
compartment (cortical thinning, increased cortical porosity)
[145-148]. The endosteal bone loss is not followed by a
higher periosteal apposition (at least at the non-weight
bearing distal radius), which could partly offset the
decrease in bone strength. Thus, women with high bone
turnover may lose more bone, experience more severe
deterioration of bone microarchitecture and a more severe
decrease in bone strength. However, they may also have
experienced a higher bone loss and greater structural
weakening of bone since achievement of their peak bone
mass. Thus, remaining bone may sustain higher stress (even
during everyday activities), which will result in more rapid
fatigue of bone tissue and the deterioration of its material
mechanical properties.

Furthermore, resorption cavities, especially two resorp-
tion cavities on the opposite side of a trabecula, trigger

Survival probability
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Fig. 3 Survival probability without fracture in 671 postmenopausal
women from the OFELY cohort according to the WHO criteria for
BMD. Osteoporosis was defined by a T-score at the lumbar spine or
hip of < —2.5; osteopenia by the lowest T-score at the lumbar spine or
hip of between —2.5 and —1; normal by a T-score at the spine and total
hip of > —1. Among osteopenia, women were categorised in two
groups: osteopenia with one or more risk factor(s) (RF+) and
osteopenia without risk factor(s) (RF—). RF = low BMD (-2.5 <
lowest T score < —2.0), prior fracture, high level bone turnover
markers (BTM). (Reproduced with permission from [131])
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stress risers that result in the local weakening of the
trabecula [148]. High bone turnover is associated with a
higher fraction of recently synthesised bone. This bone is not
fully mineralised and may have suboptimal mechanical
resistance [149]. Shorter periods between metabolic cycles
leave less time for the enzymatic post-translational modifi-
cations of bone matrix proteins, e.g. cross-linking and
[-isomerisation of collagen type 1. A lower degree of
cross-linking and (3-isomerisation may be associated with
poor mechanical properties of bone [150—152]. Interestingly,
postmenopausal women with a low degree of isomerisation
of type I collagen, as assessed by the alpha/beta ratio of
urinary CTX excretion, are at an increased risk of fracture
independently of other predictors of fracture, including the
rate of bone turnover. It suggests that the quality of bone
matrix, e.g. type I collagen maturation, might play a role in
skeletal fragility in postmenopausal women [127].

Biochemical bone turnover markers
and anti-osteoporotic treatment

Bone turnover markers play an important role in pharma-
ceutical trials of new anti-osteoporotic drugs. They provide
information on their metabolic effect on bone turnover, help
to establish the lowest dose that induces the largest change
in the BTM with a given medication (decrease with anti-
resorptive drugs, increase with bone formation-stimulating
ones), predict the increase in BMD and the decrease in the
fracture risk, are helpful in the bridging studies and,
according to preliminary data, their use may improve
compliance to treatment.

However, BTM present several limitations in these
studies. Pre-analytical and analytical variability has been
mentioned above. They make no distinction between the
bone resorption and the subsequent catabolism of the
products of degradation of bone collagen. However, anti-
resorptive drugs can have different effects on the enzymes
involved in the catabolism of bone collagen resulting in
variable changes in the levels of different bone resorption
markers [153]. A part of urinary free DPD is produced in
the renal tubular cells [154]. This fraction depends on the
mass of DPD-containing peptides released from bone and
on the renal function. Changes in the BTMs reflect only
partly metabolic modifications occurring during the anti-
osteoporotic treatment. BTM make no distinction between
the cortical and the trabecular bone; however, drugs can
have different effects in both compartments. The associa-
tion between the changes in BMD, BTM and the fracture
risk is not fully understood. It is not clear which degree of
change in the BTM levels corresponds to the optimal bone
turnover level necessary for the most efficient decrease in
bone fragility. For instance, alendronate induces a larger

decrease in BTM levels than risedronate, but both decrease
the fracture risk to a similar extent [155].

Metabolic effect of the anti-osteoporotic treatment

Changes in the BTM levels during anti-osteoporotic
therapy depend on the mechanism of action of the drugs.
Inhibition of bone resorption by the anti-resorptive drugs
given according to a clinically relevant dose regimen is
accompanied by a decrease in the bone resorption markers
[156-158]. As bone formation continues in BMUs activat-
ed prior to the therapy, bone formation markers are stable
for several weeks and then decrease when osteoblasts fill in
the lower number of BMUs formed after the beginning of
the treatment. BMD increases most rapidly during the early
period, when bone resorption is reduced, whereas bone
formation remains at the baseline level.

Changes in the BTMs during the anti-resorptive therapy
depend on the cellular mechanism of action of the drug, its
potency (degree of inhibition of bone resorption) and the
route of administration. Bisphosphonates inhibit the activity
of mature osteoclasts [156], monoclonal anti-RANK ligand
antibody (denosumab) inhibits both the osteoclastogenesis
and the activity of mature osteoclasts [159], whereas
inhibitors of cathepsin K bind to the enzyme and block its
activity [160]. Thus, denosumab administered subcutane-
ously at clinically relevant doses inhibits bone resorption
faster and more strongly than alendronate administered per
os (p.o.) and the cathepsin K inhibitor lowers serum CTX-I
level 10 h after p.o. administration [161, 162]. Bisphosph-
onates, at clinically relevant doses, inhibit bone resorption
and decrease BTM levels more strongly than the selective
oestrogen receptor modulator (SERM) raloxifene [157, 158,
163]. When intravenously (i.v.) administered, bisphospho-
nates inhibit bone resorption and decrease BTM levels
faster than when administered p.o. [164—166].

During bone formation-stimulating treatment (teripara-
tide, PTH-(1-84)), an increase in bone formation is
followed by an increase in bone resorption [167-170].
BMD increases rapidly during the early phase (mainly in
the trabecular sites) [167, 171]. Increase in PINP induced
by teriparatide is early and large, differing significantly
from baseline by day 3 and followed by other BTM (Fig. 4)
[172]. PTH stimulates the early osteoblastic cells, which
express type I collagen, but not yet BAP or OC [173, 174].
The mass of PINP released into the blood is equimolar to
that of collagen incorporated into the bone matrix. By
contrast, only a part of other bone formation markers is
released into the blood. However, after 1 month of
treatment, PINP increases by about 60—70% above baseline
[168, 169], whereas bone formation rate assessed by
histomorphometry increases by factors of 4-5 according
to the bone envelope [175]. PINP increases for 3—6 months
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Fig. 4 Changes in biochemical bone turnover markers levels during
treatment with teriparatide. Changes in PINP differed significantly
from baseline by day 3. (Reproduced with permission from [172])

and then decreases. Other BTM are elevated for 12-18
months then decrease despite a continuous increase in
BMD. Thus, the relationship between the changes in BMD,
BTM and bone formation assessed by histomorphometry
during the bone formation-stimulating therapy is not fully
understood.

Strontium ranelate slightly increases BAP and slightly
decreases serum CTX-I during the initial phase of the
treatment [176], then both plateau throughout treatment.
That apparent dissociation between resorption and forma-
tion has been reported as reflecting the “dual” mechanism
of action.

Dose-finding studies—earlier and later

Bone turnover markers are used in dose-finding studies on
anti-osteoporotic drugs. The treatment-induced changes in
BTM are more rapid compared with BMD. Thus, prelim-
inary short-term studies limited to BTM can contribute to
establishing the appropriate dose.

Bone resorption decreases significantly after 3 weeks of
the p.o. anti-resorptive treatment. Bone resorption attains
the nadir after 3—6 months of treatment and then remains
stable. This decrease is followed by a decrease in the bone
formation markers (significant decrease after 6 weeks, nadir
after 6-12 months). The higher the dose of the drug (in the
clinically relevant range), the lower the steady-state BTM
level and the higher the subsequent increase in BMD. Such
trends are observed for transdermal 17[3-estradiol, ralox-
ifene, alendronate, risedronate, and ibandronate (daily,
weekly, monthly) [158, 177-182].

Intravenous bisphosphonates and subcutaneous denosu-
mab induces a rapid dose-dependent decrease in bone
resorption (Fig. 5) [161, 164, 183]. Duration of the low
bone resorption and residual depression of bone resorption
before the next injection are dose dependent, whereas dose
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dependency of the decrease in bone resorption at the nadir
is not consistently found [161, 165, 183]. Bone formation
decreases with delay, progressively and dose-dependently.
The steady state is attained after 3 months for denosumab
and after 6 months for bisphosphonates. The higher the
dose of the drug, the lower the levels of bone resorption
markers before the next injection of the drug and the higher
the increase in BMD.

The increase in BMD is proportionate to the lowest
steady-state levels of BTM for the oral or transdermal anti-
resorptive drugs and to the residual decrease in bone
resorption markers before the next injection for the
intravenous drugs. Bone resorption level at the nadir is
predictive of the increase in BMD for the intravenous
bisphosphonates.

Similarly, during treatment with the bone formation-
stimulating parathyroid hormone, parallel dose-dependent
increases in BMD and BTM levels have also been
observed, especially for BMD of lumbar spine and serum
concentrations of bone formation markers [170].

A rapid decrease in the BTMs was observed with
conventional doses of hormone replacement therapy
(HRT), e.g. 1.0 mg/day 17f3-estradiol or 0.625 mg/day
conjugated equine oestrogen (CEE), which decrease the
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Fig. 5 Serum CTX-I (upper panel) and serum osteocalcin concen-
trations (lower panel) as a function of time in the three groups of
postmenopausal non-osteoporotic women receiving either 1 mg
(squares) or 2 mg of intravenous (friangles) ibandronate or no
treatment (diamonds). The values are given as mean (=1 SEM) % of
baseline values. (Reproduced with permission from [166])
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risk of fracture [184]. Interestingly, treatment with a low
dose of 17p-estradiol or CEE decreased BTM levels and
increased BMD in a similar manner to a higher dose with
minimal adverse effects [185—187].

Decrease in BTM levels and anti-fracture efficacy
of anti-resorptive treatment

The increase in BMD induced by anti-resorptive treatment
has been perceived as a valid surrogate of their anti-fracture
efficacy. However, there is a discrepancy between the
magnitude of BMD increase (2% at 3 years for raloxifene
and 6-8% for bisphosphonates) and their efficacy in
reducing vertebral fracture risk. The association between
changes in BMD induced by anti-resorptive therapy and
their anti-fracture efficacy is significant but weak in meta-
regression based on summary statistics of the pharmaceu-
tical trials [188]. This association usually disappears when
assessed on the basis of individual patient data [189]. In
addition, for any change in BMD in comparison with
baseline, the fracture risk is lower in the treated than in the
placebo group [190]. Interestingly, women who lost up to
4% of BMD compared with baseline during the treatment
with alendronate had a significant reduction in the vertebral
fracture risk [191]. These data show that BMD is a poor
surrogate parameter of the anti-fracture efficacy of the anti-
resorptive treatment.

By contrast, the early decrease in the BTM levels is
associated with a long-term anti-fracture efficacy of the
anti-resorptive agent (Fig. 6) [192-196]. This association
was found between the decrease in the spine fracture risk
and the decrease in the serum BAP, PINP and CTX-I levels
in patients treated with alendronate [192], between the
decrease in the spine fracture risk and the decrease in the
urinary NTX-I and CTX-I levels in patients treated with
risedronate [193, 194], and between the decrease in the
spine fracture incidence and the decrease in the serum
levels of OC, BAP and PINP in patients treated with
raloxifene [195, 196]. Moreover, in the alendronate-treated
women, the fall in the BAP level was also predictive of the
decrease in the incidence of the non-spine and hip fractures
[192]. Similarly, during treatment with risedronate, a higher
decrease in the urinary CTX-I and NTX-I was associated
with a larger decrease in the incidence of the vertebral
fractures [193].

In the risedronate-treated women, the association be-
tween the decrease in the fracture risk and that in the BTM
levels was similar for the decrease in the BTM level
compared with baseline and for the BTM level during
treatment [194]. For a given decrease in BTM levels and for
a given BTM level during treatment, fracture incidence was
similar in the active treatment and in the placebo-treated
group [193—-196]. Women with the greatest decrease in

OR Hip Fracture

Change In BAP (%)
Fig. 6 One-year change in bone alkaline phosphatase and hip fracture
risk among alendronate-treated women. Percentage change in bone
alkaline phosphatase and predicted risk (log OR) of hip fracture (solid
line) and 95% CI (dotted lines) from the logistic regression model.
(Reproduced with permission from [194])

BTM levels had the lowest fracture incidence, whereas in
women who had stable BTM, fracture incidence was
similar to that in the placebo group [195, 196]. Thus, the
rate of bone turnover and its change may be important
determinants of the risk of fracture.

The association between the decrease in the BTM levels
and the anti-fracture effect is found for spine fractures and
for women with low baseline BMD [192]. This is plausible
because spine fractures and fractures in individuals with
very low BMD depend more on skeletal fragility, including
the rate of bone turnover. By contrast, non-spine fractures
and fractures in women with higher BMD may depend
rather on the frequency and intensity of traumas.

BTM levels and anti-fracture efficacy of bone
formation-stimulating treatment

Data on the relationship between changes in BTMs and anti-
fracture efficacy during the bone formation-stimulating
treatment are limited. A teriparatide-induced increase in
BTM levels correlated positively with the later increase in
BMD [168, 197]. As the number of BMUs was higher in the
trabecular bone, the increase in volumetric BMD in the
trabecular compartment was higher and correlated more
strongly with the increase in the BTM levels [198].
However, the number of incident fractures in clinical trials
is too low to assess a potential association between BTM
changes and fracture risk during treatment with parathyroid
hormone.

Changes in the bone turnover after discontinuation
of the anti-osteoporotic treatment

Changes in the BTM levels after withdrawal of the anti-
osteoporotic medications are related to the subsequent
changes in BMD and probably to the decrease in anti-
fracture efficacy.

Hormone replacement therapy (HRT) is active during its
administration, is not accumulated in bone tissue and there
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is no residual effect of HRT on the bone turnover after the
treatment has been stopped. Withdrawal of HRT results in a
rapid increase in the BTM levels, which, after 6—12 months,
returns to the pre-treatment level (Fig. 7) [199-202]. The
increase in the BTM levels is followed by a significant
decrease in BMD at most skeletal sites [199-202]. Some
studies show a rapid increase in the BTM levels and
accelerated bone loss directly after discontinuation of HRT
that plateau thereafter [199, 201]. The changes in BTMs
and BMD are faster than in postmenopausal women
receiving placebo. These data suggest that the discontinu-
ation of HRT mimics the early postmenopausal period.
They are consistent with a decrease in the anti-fracture
efficacy after withdrawal of HRT [203].

By contrast, bisphosphonates have a strong affinity to
bone, are accumulated in bone tissue, not metabolised and
are released from the bone very slowly with estimated
terminal half-lives of 1-10 years, presumably as a conse-
quence of bone remodelling. It is assumed that after their
discontinuation, osteoclasts are inhibited only by the drug
released from the bone matrix. Consequently, the increase
in the BTM and the decrease in BMD after withdrawal of
the bisphosphonate appear to depend on its affinity with
hydroxyapatite, the cumulative dose, the drug potency and
the residual bone turnover [165, 201, 204-215].

A short treatment with 30 mg of risedronate daily for 2
weeks inhibited bone resorption [204]. Its withdrawal
resulted in a rapid return to baseline, probably due to the
low amount of the accumulated bisphosphonate. Ibandro-
nate administered for 9—12 months inhibited bone turnover
dose-dependently [165, 205]. After its withdrawal, bone
resorption returned to the initial level followed by bone
formation. The lower the cumulative dose of the drug, the
sooner the BTM returned to baseline [205]. Withdrawal of
risedronate after 3 years of treatment was followed by an
increase in the BTM levels to baseline after 1 year [206].

After withdrawal of the long-term treatment with
alendronate, BTM levels increase slightly and BMD
decreases [178, 201, 207-208]. BTM levels increase

Fig. 7 Serum CTX levels after 0.7 -
HRT withdrawal over 3 years
(white circles) and over the first ng/ml

slowly, with a plateau achieved 1 year after discontinuation
of the treatment. However, even 5 years after withdrawal of
the S-year therapy, BTM do not attain the initial levels
[207-210]. It is assumed that, after treatment withdrawal,
osteoclasts resorb more bone; however, alendronate re-
leased from bone may inhibit osteoclasts, limiting the
increase in the BTM levels. This pattern may explain why,
after the withdrawal of alendronate, BTM increase less and
BMD decreases more slowly than after withdrawal of HRT
[199, 201].

Conclusions concerning the changes in the BTM levels
in the long-term studies are limited by the methodological
problems, such as the long storage of samples. Compar-
isons between the drugs from the same group are limited by
different duration of treatment in various protocols. How-
ever, both after withdrawal of the 2-year and 4-year
treatment with alendronate and after discontinuation of the
3-year treatment with risedronate, BTM returned to baseline
(or to the level in the placebo group) after 1 year [199, 201,
206].

Data on the changes in the BTM after withdrawal of
PTH are scanty. In a study by Black et al., withdrawal of
PTH-(1-84) after 1 year of treatment was followed by a fall
in the BTM levels to baseline [213]. The slowdown of bone
turnover was accompanied by a decrease in the volumetric
BMD of the trabecular bone. However, the BTM levels
decreased after 12—18 months of treatment, despite contin-
ued administration of PTH. To our knowledge, none of the
studies compared changes in the BTM levels after
withdrawal of PTH and during long-term treatment with
PTH.

Combination therapy and bone turnover markers

Three designs combining bisphosphonates and bone forma-
tion-stimulating therapy have been studied in postmenopausal
women: both drugs administered jointly, anti-resorptive
treatment followed by PTH, and PTH followed by the anti-
resorptive treatment.
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Alendronate and PTH-(1-84), administered jointly,
rapidly decreased bone resorption (serum CTX-I) [214].
After 1 year, CTX-I was 50% lower than at baseline, much
lower than in the PTH-(1-84)-treated group and higher than
in the alendronate-treated group. Alendronate and PTH-(1-
84) slightly increased bone formation (P1NP, BAP) during
the first weeks of therapy, reflecting the direct effect of
PTH-(1-84) on osteoblasts. Then, bone formation de-
creased and was slightly below the baseline levels. The
time course of BTM levels during combination therapy was
more strongly determined by alendronate consistent with
the similar changes in BMD in the combination therapy
group and in the group receiving alendronate alone.

During PTH treatment after anti-resorptive treatment,
changes in the BTM levels depend on the degree of
inhibition of bone turnover. After a strong suppression of
bone resorption by alendronate, the increase in BTM levels
induced by PTH-(1-34) was delayed and of lesser
magnitude than after raloxifene therapy [215]. After long-
term treatment with risedronate, BTM were higher and
teriparatide-induced increases in BTMs were significantly
greater and associated with a greater increase in bone
volume (measured by QCT) than after long-term treatment
with alendronate [216].

Alendronate administered after PTH-(1-84) decreases
BTM levels that fall below the baseline values and are
indistinguishable from those in the women treated with
alendronate alone [213, 217]. This strong inhibition of bone
turnover may prevent the resorption of the bone built under
PTH-(1-84) treatment and prolongs its secondary mineral-
isation, which results in an additional increase in BMD.
The increase in PINP after 1 month of PTH-(1-84)
treatment was predictive of the increase in BMD after 24
months of sequential treatment [218].

Some studies compared HRT with the combination of
bisphosphonate and HRT. Both alendronate and risedronate
administered jointly with HRT decreased bone formation
and bone resorption markers more than HRT alone [219-
221].

Few studies assessed regimens combining oestrogens
with progestins or androgens. The effect of progestins are
generally weak. Changes in BTM levels induced by 17f3-
estradiol (173E2) and levonorgestrel were similar to those
induced by 173E2 alone [222]. Changes in the BTM levels
induced by medroxyprogesterone acetate with oestrogens
(17BE2 or CEE) were similar to those induced by the
respective oestrogen formulation alone [187, 223]. Post-
menopausal women treated with 173E2 and dydrogester-
one had higher urinary DPD excretion, but lower serum
concentrations of OC and P1CP [224]. Compared with CEE
alone, the combination therapy of CEE with androgen
(methyltestosterone) had no additional effect on bone
resorption (DPD, HPro) [225]. By contrast, bone formation

(OC, BAP, P1CP) was significantly higher in the women
receiving the combination of CEE and methyltestosterone.

Potential utility of bone turnover markers
for bridging studies

According to the Committee of Proprietary Medicinal
Products of the European Agency for Evaluation of
Medicines,

“For compounds having demonstrated anti-fracture
efficacy and for which the indication ‘treatment of
osteoporosis’ was granted for a specific dose, formu-
lation or route of administration, an extension of the
indication ‘treatment of osteoporosis’ could be given
for a new dose, formulation or route of administration,
on the basis of the demonstration of an equivalence in
terms of BMD changes between the original and the
new doses, formulations or routes of administration in
a study of a minimum 2 years”

[226]. The aim of such studies (bridging studies), is to
show that a new regimen is not less effective than a
reference regimen through the use of a surrogate marker.
BTMs are of interest because the treatment-induced
reduction of the fracture risk and changes in BTM levels
are correlated.

Examples of bridging studies include those comparing
once-weekly vs daily oral regimens of bisphosphonates.
Both regimens of alendronate and risedronate induced
similar decreases in BTM levels and increases in BMD
[227-229]. Monthly and intermittent oral ibandronate were
at least as effective as the daily regimen with regard to both
BMD and BTM levels [230-232]. The same concept has
been used successfully to gain approval for once-weekly
and once-monthly dosing regimens of bisphosphonates.

Comparison of BTM levels during oral and intrave-
nous treatment or for different intravenous doses is more
complex. Intravenous treatment rapidly decreases the
bone resorption rate [161, 165, 166]. The degree and the
duration of this decrease are dose dependent. The decrease
in bone formation starts later and is progressive. The
temporal pattern of BTM changes should repeat those
observed with the original regimen in order to induce the
same effect on BMD and bone strength [226]. It has been
suggested that:

“The magnitude of the reduction of the rate of bone
resorption at the end of the drug- free interval rather
than the pattern of its fluctuation following adminis-
tration of bisphosphonate determine antifracture effi-
cacy, provided that these fluctuations occur within the
range of values of premenopausal women”

[233].
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Association between BTM levels and adherence
with anti-resorptive treatment

Low compliance is a serious problem during anti-osteoporotic
treatment, limiting the decrease in the fracture risk [234].
BTM can be used to assess compliance because of rapid and
considerable changes during the treatment. Analyses from
the IMPACT study show that BTM change reflects the
degree of compliance to risedronate therapy in osteoporotic
women [235]. The better the compliance, the greater the
average decrease in bone turnover.

Measurement of the BTM levels improved adherence to
the treatment with risedronate regardless of the result,
whereas the persistence (risk of treatment discontinuation)
depended on the result of the BTM measurement [236,
237]. The persistence was better in women who received
positive information corresponding to a decrease in the NTX-I
level exceeding the predefined threshold [207, 208]. By
contrast, risk of discontinuation was higher (lower persis-
tence) in women who received negative information (lack of
predefined decrease in the NTX-I level, an increase in NTX-
I excretion of more than 30%). Such an association was not
found in women who had not been informed about the
change in the NTX-I level. Thus, measurement of BTM can
improve the persistence with anti-resorptive treatment and is
not only a method of identification of the non-compliant
patients. Obviously, in clinical practice, women who do not
have the expected decrease in the BTM levels need an
individual approach. These data need to be confirmed before
BTM can be recommended in the clinical monitoring of
patients receiving anti-osteoporotic treatment.

Areas of investigation

Two principal areas of investigation of BTM are patho-
physiology of bone metabolism and the relationship
between bone turnover and bone fragility, especially during
the different strategies of the anti-osteoporotic treatment.
Bone turnover markers could be useful in making a
distinction between the number and the activity of bone
cells. TRACPSD reflects the osteoclast number and total
DPD reflects the mass of resorbed bone. However, it is
uncertain if their ratio reflects the activity of osteoclasts. No
data are available for osteoblasts (markers of the osteoblast
number, markers of the mass of synthesised bone matrix).
We need more BTM reflecting the action of enzymes
involved in the catabolism of bone matrix, e.g. cathepsin K,
metalloproteinases. They would be useful to assess enzy-
matic mechanisms of bone matrix degradation and the
efficacy of drugs acting on certain metabolic pathways, e.g.
cathepsin K inhibitors. We need markers reflecting structural
aspects of bone matrix related to its strength. Such potential
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candidates are the isomerised or racemised forms of CTX-I
and bone-specific advanced glycation end-products.

The relationship between the change in the BTM levels
and the decrease in the fracture risk needs more study. What
is the proportion of the anti-fracture effect explained by the
fall in the BTM level? How should the BTM levels be
expressed in relation to the anti-fracture efficacy during the
anti-osteoporotic treatment (absolute value during the
treatment, decrease relative to baseline)? Are BTM equally
predictive of vertebral and non-vertebral fracture incidence?
Is the lack of decrease in BTM levels during anti-resorptive
therapy indicative of a lack of anti-fracture efficacy? BTM
may help to understand the clinical relevance (if any) of the
“frozen bone” attributed to the potent bisphosphonates. Are
the changes in BTM levels induced by the bone formation-
stimulating drugs related to their anti-fracture efficacy?
Data on the use of BTM to improve compliance during
anti-osteoporotic treatment are preliminary and limited to
risedronate. We need more data, especially long-term
studies and studies concerning other anti-osteoporotic
medications.

Bone turnover markers—-clinical studies versus clinical
practice: a summary

Bone turnover markers are a useful tool in clinical studies
on osteoporosis. They show that the increased bone
turnover rate is associated with a higher fracture risk.
Conversely, its decrease induced by anti-resorptive drugs is
associated with a decrease in the risk of fracture. Thus,
BTM levels reflect the relationship among the bone
turnover rate, bone fragility and the effect of anti-resorptive
treatment, but they cannot explain the pathophysiological
mechanism of this association. Increased BTM levels are
associated with faster bone loss, but this phenomenon has
not been found consistently. In pharmaceutical studies
BTM provide a lot of data on the effect of medications on
bone turnover; in particular, they help to understand the
effect of oral vs intravenous anti-resorptive therapy, of
combination and sequential therapies. They also help to
understand changes in the BTM and BMD after discontin-
uation of the treatment. From the economic point of view,
preliminary estimations suggest that the use of BTMs may
improve the cost-effectiveness of anti-osteoporotic treat-
ment in women. They can be useful for bridging studies,
which may decrease the costs of the evaluation of the more
convenient formulations of anti-osteoporotic drugs.

By contrast, the practical use of BTM in the clinical
management of osteoporosis is very limited. Practical
guidelines were established for the use of BTM to predict
the increase in BMD during anti-resorptive therapy [238].
However, interest in them decreased because the change in
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BMD during anti-resorptive treatment poorly predicts the
change in fracture risk. BTM levels are influenced by
several factors that are more or less easy to control. In order
to limit pre-analytical variability as much as possible,
biological samples should be obtained in a standardised
way, e.g. for serum BTM, in the fasting state in the
morning. Urinary measurements and their reference values
should be obtained under standardised conditions, e.g.
during the second morning void. BTM measurements may
help to exclude other bone pathologies characterised by
high bone turnover, e.g. Paget’s disease, osteomalacia,
multiple myeloma, bone metastases. Results of BTM
should be interpreted cautiously in patients with determi-
nants of pre-analytical variability, e.g. in patients who
sustained a fracture several months before biological
examination. BTM cannot be used for the prediction of
the accelerated bone loss in postmenopausal women (nor in
any other group investigated until now). Epidemiological
studies suggest that BTM measurements may help to detect
postmenopausal women at high risk of fracture. However,
adequate practical guidelines are still lacking.

Concerning the anti-osteoporotic treatment, there are no
data suggesting that BTM may help to choose the
appropriate anti-osteoporotic treatment. It is assumed that
BTM measurements during anti-resorptive therapy help to
identify non-compliers. Preliminary data show that BTM
measurements may improve adherence to anti-resorptive
treatment and the fall in BTM levels exceeding the
predefined threshold (proof of therapeutical efficacy) may
improve persistence with anti-resorptive treatment. Although
the lack of compliance is probably the most frequent reason
for the lack of decrease in the BTM during treatment, other
causes should be analysed in an individual patient, e.g.
circadian variation (mainly CTX-I), seasonal variation
(mainly in the elderly), analytical variability (measurement
error, change in the immunoassay), rapid development of
another metabolic bone disease (multiple myeloma, bone
metastases). Currently, there are no guidelines concerning
the use of BTM in monitoring anti-osteoporotic therapy.
Thus, the practical use of BTM in the clinical management
of postmenopausal osteoporosis still remains an open area
for investigation.
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