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Introduction

The monitoring of organ function by the measurement of ti ssue-speci fi c bi ochemi cal products i n
body fluids is a well established principle in clinical
bi ochemi stry. In the case of bone, such measu rements have been routinely limited to only a few assays, notably alkaline phosphatase to provide an indirect measure of osteoblast activity. However, many
other products derived from the increased metabol i sm of bone appear i n serum or uri ne w here they
can be measured as indicators of bone turnover and
disease activity.
There have been a number of significant developments in this area in recent years. This is linked to
the increasing interest in metabolic bone diseases
particularly osteoporosis, in which the use of biochemical assays for the diagnosis and monitoring of treatment are needed. This brief review will provide an
outline of the current status and some anticipated developments in this area.
D esirable features of a tissue marker

Biochemical markers of bone turnover measured
in plasma or urine are proteins or products derived
from them. In general they are either enzymes derived from osteoblasts involved in bone formation, or
from osteoclasts involved in bone resorption, or are
constituents of the bone matrix, w hich escape into
the circulation during the process of bone formation,
or which are released as breakdown products during
resorption (Figure 1).
In assessing the value of any marker, several points
need to be kept i n mi nd. Fi rstl y, an i deal marker
should be specific to the tissue being monitored. In
the case of bone this applies to osteocalcin, but not,
for example, to hydroxyproline or its peptides. An
i deal marker shoul d al so be easi l y measurabl e by
specific, sensitive and precise techniques in either
serum or urine. Other criteria that determine the value of any biochemical marker of tissue metabolism
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include knowledge of the factors that control its synthesis and metabolism, and its entry into and removal
from the circulation. With most markers there is still
only limited information available about their metabolism and kinetics and the factors which influence
their production and degradation.
M arkers of bone formation

The three markers of bone formation in current use
are al kal i ne phosphatase, osteocal ci n or bone gl a
protein, and propeptides derived from type I collagen.

Alkaline phosphatase.
Alkaline phosphatase in serum has been used for
more than 50 years to monitor bone metabolism, and
is still the most frequently used marker.
Alkaline phosphatase is an ectoenzyme anchored
to the cell surfaces of osteoblasts and other cells. The
enzyme may be shed i ni ti al l y attached to pl asma
membrane components. The processes regulating release of the enzyme from cells are poorly understood,
but plasma membrane vesicles containing alkaline

Fig. 1.–Scheme to show the major biochemical markers of bone
metabolism.
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phosphatase are probably involved in the initiation of
mineralisation in skeletal tissues. The clearance from
the circulation is relatively slow, with a half-life in the
order of 1-3 days for the bone isoenzyme.
Studies of hypophosphatasia, an inherited disease
characterised by a deficiency of alkaline phosphatase
coupled with defective skeletal mineralisation, gives
important clues about the biological function of alkaline phosphatase. In this condition the precise genetic
defect is most commonly a point mutation that leads
to synthesis of a defective enzyme lacking full catal yti c acti vi ty. There i s an accumul ati on of several
phosphorylated metabolites, notably pyridoxal phosphate, phosphoethanol ami ne and i norgani c pyrophosphate, which therefore are probably among the
natural substrates for alkaline phosphatase. The accumulation of inorganic pyrophosphate, an inhibitor of
crystal growth of hydroxyapatite, may be directly responsible for the defect in skeletal mineralisation.
The values for alkaline phosphatase in plasma and
serum are raised in conditions such as Paget’s disease,
osteomalacia, and after fractures or ectopic bone formation. However, alkaline phosphatase is not specific
to bone, and ideally selective measurement of the bone isoenzyme should be used as a marker of bone formati on. In cl i ni cal practi se the maj or probl em for
diagnostic purposes is to distinguish between the isoenzymes derived from liver and bone, although the
intestinal enzyme may be raised after meals, and the
placental isoenzyme during pregnancy.
Only a single gene encodes for the isoenzymes of
alkaline phosphatase found in bone, liver and kidney. Fortunately, how ever, there are different posttranslational modifications made to the enzyme from
different tissues after synthesis, resulting in glycosylated products. Thus the bone isoenzyme can be distinguished based on sialic acid residues. The bone isoenzyme can therefore be separated and selectively
measured by methods based on differential heat denaturation, electrophoresis, precipitation with wheat
germ lectin, and immunoassays with monoclonal or
polyclonal antibodies. In this way, specific assays for
the bone i soenzyme of al kal i ne phosphatase are
being introduced. Among the best of these are immunoassays, utilising two antibodies, one for capture of
the protein and one for its assay. As these specific
methods for the bone isoenzyme are becoming more
readily available, they are likely to be used more frequently, particularly for distiguishing liver from bone
disease, and for population studies or monitoring individuals with bone disease.
In normal individuals about half of the total alkaline
phosphatase is derived from bone and the rest from liver. In conditions such as Paget’s disease the changes
in alkaline phosphatase are often very substantial, so

that the dominant circulating form of the enzyme is
from bone, meaning that assays of the total enzyme
are often sufficient and there is no great advantage in
using bone-specific assays. The tissue specific assays
come to be much more important in less severely affected patients or in other milder disorders of bone
turnover, including osteoporosis, where changes occur predominantly within the normal range.
Values for total alkaline phosphatase show a lognormal distribution. The analytical precision of routine assays for alkaline phosphatase are high, in the order of 1-2 %, and the day to day and month to month
biological variation is small. Changes of 10 % or more therefore usually represent significant changes in
an individual. However for clinical purposes and in
trials of therapies, eg in Paget’s disease, a fall of 25 %
or more is usually required to indicate a significant
clinical response.

Osteocalcin
O steocal ci n, al so know n as bone Gl a protei n
(BGP), is a bone specific protein, which has proven
to be a sensitive and specific marker of osteoblast activity in a variety of metabolic bone diseases (Figure
2). Factors regulating its production from osteoblasts
are known in some detail. Its synthesis is dependent
upon the presence of active metabolites of vitamin D,
especially 1,25-dihydroxyvitamin D and its requires
vitamin K for the conversion by carboxylation of three glutamate residues to gammacarboxyglutamate
(Gla). These post-translational modifications are similar to those seen in the vitamin K-dependent blood
clotting proteins, eg, prothrombin, and confer calcium binding properties on osteocalcin. This can be
used to differentiate fully carboxylated from partially
carboxylated osteocalcin in the circulation and it has

Fi g. 2.–Scheme to show the synthesi s and metabol i sm of
osteocalcin.
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been shown recently that a significant proportion of
osteocalcin in osteoporotic elderly patients is incompletely carboxylated. Indeed, the presence of un-decarboxylated osteocalcin is associated with a significantly increased risk of hip fracture in the elderly.
The factors determining the deposition of osteocalcin in bone matrix and its liberation into the circulation are unclear and significant metabolism to peptides and even to free gamma carboxyglutamate (free
Gla) occurs. Measurements of the free Gla in plasma
and urine have been used in attempts to monitor bone resorption, but appear not to be sufficiently specific or informative.
Measurements of serum osteocalcin by immunoassays show increases in conditions associated with increased bone formati on, eg, hyperparathyroi di sm,
hyperthyroidism, bone metastases. In Paget’s disease,
however, the rises are less than expected, perhaps reflecting differential incorporation into bone matrix, or
altered synthesis by osteoblasts. Reduced levels of osteocalcin may reflect lower rates of bone formation,
as seen, for example, in myeloma. O steocalcin values may be substantially reduced during treatment
w i th gl ucocorti costeroi ds, al though i n thi s case i t
should be remembered that glucocorticoids specifically suppress osteocalcin synthesis by osteoblasts,
w hile not necessarily similarly depressing collagen
synthesis or production of alkaline phosphatase to an
equivalent degree.
Serum osteocalcin values can reflect the age-related
increase in bone turnover, and the values rise after the
menopause and fall after treatment with oestrogens,
and also with salmon calcitonin. Such measurements
are, therefore, useful in relation to osteoporosis, although much data is based on population studies, rather than changes i n i ndi vi dual pati ents. There are
marked differences in the performance of different assays used in different laboratories, some of which are
available commercially. New developments include
the development of assays utilising antibodies against
human rather than bovine osteocalcin, and the use of
sandwich assays with two monoclonal antibodies, so
that only the intact molecule is measured, rather than
fragments. There is also interest in developing noni sotopi c methods, and i n assays for fragments of
osteocalcin that might be released during the resorption of bone matrix.

eg. in osteogenesis imperfecta, lead to bone of poor
quality, susceptible to fracture. Attempts to measure
collagen synthesis is, therefore, a more logical approach than measuring other less abundant matrix constituents in the assessment of bone formation. During
col l agen synthesi s pro-pepti des are rel eased both
from the amino- terminal (‘N -terminal’) and carboxyterminal (‘C-terminal’) ends of the pro-collagen molecule, after the three individual alpha chains have formed the triple helix, w hich w ill become part of the
collagen fibril (Figure 3).
Assays for both the N- and C- terminal pro-peptides exist. The C-terminal peptide has the advantage
of not being significantly retained in bone, unlike the
N -terminal peptide. There is therefore considerable
interest in the use of assays for the collagen type I Cterminal peptide (PICP) to monitor collagen synthesis
related to bone formation. The values are increased
duri ng grow th and i n si tuati ons of i ncreased bone
formation, such as occur in Paget’s disease, and in
response to grow th hormone. H ow ever, the values
vary w i thi n a rel ati vel y narrow range and measurements may be of more use in population studies
than i n moni tori ng i ndi vi dual pati ents. M oreover,
propepti des from type I col l agen are al so deri ved
from skin and other tissues, so it is desirable to develop bone specific assays if this is feasible.
M easurements of bone resorption

Biochemical markers used to monitor bone resorption include urinary measurements of hydroxyproli ne-containing peptides, hydroxylysine glycosides and
pyridinoline crosslinks, that are all derived from collagen. In some circumstances, fasting urine calcium
can give an indirect measure of bone resorption rates
and may be useful in Paget’s disease and in patients

Procollagen peptides
Collagen is the major structural protein of bone,
and comprises about 90 % of the organic material.
Col l agen cl earl y contri butes to the i ntegri ty and
strength of bone matrix and defects in its production,
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Fig. 3.–Scheme to show the major biochemical markers related to
the metabolism of Type I collagen.

THE ASSESSMENT OF BONE METABOLISM IN VIVO

with metastatic bone disease for following responses
to treatment. Other measurements include assays of
tartrate-resistant acid phosphatase, and free gamma
carboxy glutamic acid (see above).

Hydroxyproline
U nti l a few years ago, the best establ i shed and
most widely used marker of bone resorption was the
measurement of hydroxyproline in urine. Peptides
contai ni ng hydroxyprol i ne are rel eased i nto uri ne
from the proteolytic breakdown of collagen in bone
and other tissues. Since hydroxyproline is one of the
abundant amino acids in collagen, its measurement
is logical, but hydroxyproline is also found in other
protei ns and i s not speci fi c for col l agen i n bone.
Furthermore, significant amounts of hydroxyproline
can be derived from dietary sources of collagen (gelatin), and there is extensive metabolism w ithin the
body. For these reasons it is likely that hydroxyproline assays will be eventually replaced by more specific measurements of bone resorption, notably by the
use of pyridinoline crosslinks, w hich do not suffer
from these disadvantages.
N everthel ess, measurements of hydroxyprol i ne,
particularly in early morning fasting urines, have proved to be useful in evaluating responses in trials of
new therapies. Their use in individual patients is handicapped by the low precision/reproducibility of assays, with coefficients of variation (CVs) typically rangi ng from 10-25 %. A change of 50 % or so may
therefore be requi red i n tw o consecuti ve measurements before a significant response can be claimed.
In Paget’s disease the changes that occur are large
and there may be little advantage in using pyridinolines instead of hydroxyproline for practical purposes.
Several studies in relation to osteoporosis show that,
when measurements are made carefully, urinary hydroxyproline values rise after the menopause and fall
again when antiresorptive drugs such as oestrogens,
calcitonins and bisphosphonates are given.

Pyridinoline crosslinks
Pyridinoline (Pyr) and deoxypyridinoline (D Pyr),
also called hydroxylysyl pyridinoline (HL) and lysyl
pyridinoline (LP) respectively, are currently receiving
considerable attention as the most promising markers
of bone resorption (Figure 4). Both are non-reducible
crosslinks which stabilise the collagen chains within
the extracellular matrix and are formed by the condensation of three lysine and/or hydroxylysine residues in adjacent alpha chains. Both Pyr and DPyr are

Fig 4.–Scheme to show the position of pyridinoline crosslinks in
Type I collagen.

present in bone, but DPyr appears to be found in significant quantities only in bone collagen, making it a
potentially specific and more robust marker for bone
resorption.
About 40 % of these crosslinks appear free in urine
and the remainder are in peptide form. The free or total amount after acid hydrolysis are usually measured
by reverse phase HPLC analysis with detection based
on the i ntri nsi c fl uorescence of these compounds.
Although these assays remain the reference methods,
these assays are cumbersome and labour-intensive.
Fortunately, there has been recent progress in developing immunoassays against the free amino acids or
against peptides containing the crosslinks, and these
offer consi derabl e hope for produci ng more rapi d
and specific assays. At present at least three groups of
immunoassays have been reported, one for pyridinolines present as free aminoacids or in small peptides,
another for the crosslinked N -telopeptide in urine,
and the third for the C-terminal telopeptide in serum.
The CVs for these assays are in the order of 5-15 %
and there appears to be significant circadian and other sources of biological variation so that further validation is needed.
The pyridinolines do not appear to be significantly
absorbed from the diet. It is thought that they are not
metabol i sed, al though thi s remai ns to be proven.
Excretion in the urine may give a quantitative measure of bone resorption since mature collagen contains
about 0.07 mols per mole of collagen. However, more information is needed to determine whether there
are differences in pyridinoline crosslink contents of
collagen in different parts of the skeleton, since it is
clear that there are differences at least between species.
As would be expected from a good marker of bone
resorption, the values for pyridinolines in urine are
i ncreased i n chi l dhood and after the menopause.
They are also increased in other conditions, eg. in
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endocrine (eg. hyperthyroidism) and neoplastic disorders. There are excellent correlations between excreti on of crossl i nks and bone turnover measured by
radi oi sotope ki neti cs or bone hi stomorphometry.
There are clear circadian patterns of excretion in these crosslinks with fasting values being in the order of
40 % higher than 24 hour values, which may reflect
increases in bone resorption overnight. These circadian changes are of considerable biological interest
but pose problems for choosing appropriate urines
for assay. At present the recommendation should be
to use 24 hour urines w henever possible, although
the use of fasting urine assays (ie. collections made
over defined 2-3 hour periods in the morning after
the overnight urine is voided) may still be informative
if taken under strictly controlled conditions.
In the near future, the current development of fast
and reproducible immunoassays, either of free pyridinolines or of degradation peptides containing them,
are likely to make measurements of pyridinolines as
readily available as alkaline phosphatase. Because of
their theoretical advantages, they are therefore likely
to become established as the measurements of choice for following changes in bone resorption, particularly w hen the assays are adapted for use in serum
rather than urine.

Hydroxylysine glycosides
H ydroxyl ysi ne gl ycosi des are al so deri ved from
Type I collagens. Hydroxylysine, like hydroxyproline
derived from proline, is produced by a post-translational hydroxylation. The subsequent glycosylation of
hydroxylysine differs in collagens in different tissues.
The monoglycosylated galactosyl hydroxylysine is
enriched in bone compared with the diglycosylated
form, glucosyl galactosyl hydroxylysine, which is the
major form in skin.
Assay is by HPLC, and is therefore technically dem andi ng and rel ati vel y sl ow . Reported m easurements, however, suggest that this may be a useful
marker of bone resorption, for example, in osteoporosis. Some concern exists over whether the glycosylated forms remain intact during passage dow n the
renal tubule. If specific immunoassays could be developed, hydroxylysine glycosides might offer a useful and practical additional measurement of bone resorption.

Acid phosphatase
Aci d phosphatase i s a l ysosomal enzyme w hi ch
exists in several forms in different tissues. The type 5
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isoenzyme is the one found in osteoclasts, which appear to be released during bone resorption. Assays of
total tartrate-resi stant aci d phosphatase (TRAP,
Tartrate-Resistant Acid Phosphatase) in the circulation
are moderately raised in disorders associated with increased bone resorption, but the assays are difficult to
perform because of the instability of the enzyme and
the relatively small changes observed in pathological
states. The development of immunoassays specific for
the type 5 form offer the potential of producing better
assays for monitoring bone resorption.
O ther Assays

A variety of other assays in the past, or of current
interest, for measuring bone formation and resorption
have been tried.
One interesting observation is that serum proteins
such as alpha2 HS-glycoprotein, derived from the liver, are deposited in bone and the values fall when
bone formation rates are high. H ow ever, although
this is of physiological interest, the changes are relatively small, and such measurements do not at present
provide a practical method of monitoring bone formation rates in individuals.
As more has become known of specific proteins in
bone matrix, other assays have been developed and
evaluated, eg. for osteonectin and osteopontin, and
others may be developed in the future, eg. for other
bone sialoproteins, and matrix Gla protein. There is
also much interest in the measurement of the many
cytokines and growth factors now known to influence bone metabolism (eg. interleukins 1 & 6, tumour
necrosis factors [TNFs], insulin-like growth factors I &
II and their binding proteins), and in some cases for
their soluble antagonists (eg. the IL-1-receptor antagonist) or receptors (eg. the soluble p55 and p75 TNF
receptors).
W i th regard to the current staus of w ork i n thi s
area, there is clearly considerable potential for improvi ng exi sti ng assays and devel opi ng addi ti onal
specific assays but more work is needed.

General and specific uses of assays
In the past the major uses for these assays have been
to help with the diagnosis and management of patients
w i th fl ori d di sorders of bone metabol i sm, such as
Paget’s disease, or vitamin D-deficient osteomalacia.
However, there is a need to use such assays to monitor
the more subtle changes that occur in conditions such
as osteoporosis, where the changes in an individual
may occur within the normal reference range.
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Paget’s disease
Paget’s disease is the best example of a disease in
which biochemical markers of bone metabolism have been extensively used in clinical practise.
In Paget’ s di sease, there have been three maj or
uses for measurements of bone markers:
1) to assess and to monitor disease activity in individual patients;
2) to evaluate dose-response relationships to existing and new drugs in therapeutic trials;
3) to evaluate the value of novel biochemical markers of bone metabolism, compared with established
markers.
The major markers in routine use have been alkaline phosphatase and urinary hydroxyproline. Alkaline
phosphatase is of proven value in monitoring disease
activity in individuals with Paget’s disease and is the
standard measurement used in clinical trials and for
comparison with new markers.
Many other products of bone have been shown to
be rai sed i n serum and/or uri ne i n Paget' s di sease
and to be reduced on treatment. These include products associated with bone formation, eg. osteocalcin, osteonectin, N- and C-terminal pro-peptides of
Type I col l agen, or w i th bone resorpti on eg. aci d
phosphatase, free gamma-carboxy-gl utamate, and
hydroxylysine glycosides, especially galactosyl-hydroxylysine that appears to be relatively specific for
bone. The measurement of these other products of
bone metabolism, eg. osteocalcin, and other collagen-derived peptides and bone matrix proteins often
show unexpected deviations from the predicted increases, compared with alkaline phosphatase and hydroxyproline, which may reflect aberrant production
an d m etab o l i sm o f th ese p ro d u cts i n u n keated
Paget’s disease. This is an important reminder that
different biochemical markers reflect different biological processes. Serum proteins, eg. alpha-2 HS glycoprotein, that have a high affinity for bone may be
reduced in the serum of patients with active Paget’s
disease.
Studies with biochemical markers in Paget’s disease have illustrated another very important principle,
in that it is possible to demonstrate the dissociation
between effects of drugs on bone formation and bone
resorption. The major drugs used in Paget’s disease
are the calcitonins and bisphosphonates, which are
inhibitors of bone resorption. It is therefore not surprising that the earliest biochemical changes that occur are in the resorption markers, w hich can show
full responses within only a few days of starting treatment with potent bisphosphonates such as pamidronate. It is very important to realise that, in the routine
management of patients, alkaline phosphatase mea-

surements change more slowly in response to treatment than do markers of bone resorption, and that
the full response may not be seen for several weeks
or even months. Since the currently used potent treatments for Paget’ s di sease, especi al l y w i th the bi sphosphonates, can induce complete biochemical rem i ssi ons, i t i s i m portant to real i se that j udgi ng
responses on early changes in alkaline phosphatase
alone may give a misleading picture of how effective
treatment has been. For this reason, it is wise to advocate that measurements of both alkaline phosphatase and of appropri ate bone resorpti on markers
should become routine in the therapeutic management of Paget’s disease to ensure adequate responses
to treatment.
Osteoporosis. Perhaps the greatest challenge for
the future use of markers is in osteoporosis. H ere
there are two major needs:
1) to identify the patients at greatest risk, eg, those
w i th rapi d rates of bone l oss compared w i th bone
formation, and
2) to monitor the effects of specific treatment (eg,
with oestrogens, calcitonins and bisphosphonates, or
with bone forming agents) in individual patients.
Most data related to age, or postmenopausal changes in bone metabolism, are based on populations.
Important work from Christiansen’s group has shown
that a combination of biochemical assays, including
total alkaline phosphatase and osteocalcin in plasma,
and hydroxyproline and calcium in fasting urine, have strong predictive power in relation to rates of bone
loss subsequently measured by bone densitometry
techniques. It is of interest that individual biochemical measurements may eadh add to the power of this
prediction. This reminds us that each marker reflects
different biochemical and physiological processes
and may not, therefore, always show identical changes. More work is needed from other laboratories to
evaluate the value of such measurements in the assessment of individual patients.
The use of bone markers to monitor individual patients requires assays of high precision. In the case of
bone specific alkaline phosphatase, w here the precision is in the order of a few percent, this requirement may be easier to meet than with urinary assays
for hydroxyproline or pyridinolines where the coefficient of variation for the assays may be in the order
of 15 % or so, requiring a treatment-induced change
in the region of 30 % or more before a true response
can be claimed. The increasing interest in the prevention and management of osteoporosis make the
need for improved methods for measurement of these
markers a high priority.
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Prospects for the future

In addition to the development of novel assays of
greater specificity and sensitivity, particularly using
monoclonal antibodies, there is a need for more rapid assays for practical clinical use. In view of the socioeconomic importance of bone disease, there is likely to be a considerable investment in this area and
the eventual development of fast assays may come.
Al though there i s a maj or i nterest i n markers of
bone disease, there is also considerable interest in
extending these possibilities to other connective tissues, notably cartilage and other joint tissues in relati on to destructi ve arthri ti s. As w i th bone, several
cartilage specific components exist (eg. COMP, cartilage oligomeric protein) and there is a prospect of
measuri ng carti l age-speci fi c crossl i nked col l agen
peptides, eg. betw een type IX and type II collagen,
w hi ch contai n pyri di nol i ne crossl i nks, to moni tor
cartilage collagen degradation in articular cartilage.
Such assays are in their infancy but offer considerable hope for better diagnosis and evaluation of bone
and joint disorders.
Conclusions

The processes of bone formation and resorption can
be monitored in vivo by measuring enzymes and other protein products released by osteoblasts and osteoclasts respectively. The major validated biochemical
markers of bone formation currently in use include
the bone isoenzyme of alkaline phosphatase, osteocalcin (also know n as BGP, bone Gla protein) and
propeptides derived from the N or C terminal ends of
the Type I procollagen molecule. Markers of bone resorption include tartrate resistant acid phosphatase
and, in particular, breakdown products of collagen.
The longest established of these is the measurement in
urine of hydroxproline in collagen peptides, but the
assays are cumbersome. Furthermore, hydroxyproline
is not specific to bone collagen and is also derived
from the diet. There is much current interest in collagen products that are more specific to bone, including
galactosyl hydroxylysine, and the collagen crosslinks,
pyridinoline and deoxypyridinoline. The pyridinolines
appear to be the most promising markers of resorption
and may enable quantitative evaluation of rates of bone resorption in man.
These biochemical methods are of use in the diagnosis and evaluation of bone diseases, in population
studies, and for monitoring responses to hormones
and drugs. It is important to remember that individual
markers reflect different biochemical and physiological processes and may not, therefore, alw ays show
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identical changes.
There is an increasing amount of work being devoted to the study of bone biomarkers, partly because
of the current interest in osteoporosis. There are exciting prospects ahead for improvements in technical
methods and for the use of new markers derived from
bone cells and bone matrix.
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