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BACKGROUND: Disorders of bone metabolism, most no-
tably osteoporosis, are highly prevalent and predispose to
fractures, causing high patient morbidity and mortality.
Diagnosis and monitoring of bone metabolic defects can
present a major challenge as these disorders are largely
asymptomatic and radiographic measures of bone mass
respond slowly to changes in bone physiology.

CONTENT: Bone turnover markers (BTMs) are a series of
protein or protein derivative biomarkers released during
bone remodeling by osteoblasts or osteoclasts. BTMs can
offer prognostic information on fracture risk that supple-
ments radiographic measures of bone mass, but testing
using BTMs has to take into account the large number of
preanalytic factors and comorbid clinical conditions in-
fluencing BTM levels. BTMs respond rapidly to changes
in bone physiology, therefore, they have utility in deter-
mining patient response to and compliance with thera-
pies for osteoporosis.

SUMMARY: BTMs are a useful adjunct for the diagnosis
and therapeutic monitoring of bone metabolic disorders,
but their use has to be tempered by the known limitations
in their clinical utility and preanalytic variables compli-
cating interpretation.
© 2016 American Association for Clinical Chemistry

Osteoporosis is the most common disorder of bone me-
tabolism, with approximately 1 in 2 women and 1 in 5
men expected to experience an osteoporotic fracture dur-
ing their lifetime. Osteoporotic fractures incur a high
degree of morbidity and mortality, with a woman’s life-
time risk of dying from a hip fracture roughly equivalent
to her risk of dying from breast cancer. Owing to these
clinical consequences, diagnosis, treatment, and moni-
toring of treatment for osteoporosis are of critical impor-

tance. A major challenge in this regard is that osteoporo-
sis is asymptomatic until presenting with a fracture; thus
clinical diagnosis and subsequent treatment rely on ra-
diologic and laboratory testing in patients at risk based on
clinical history and demographics.

Ultimately, the pathogenesis of osteoporosis emerges
from an imbalance in the ability of osteoclasts to resorb bone
vs the ability of osteoblasts to form bone, with the etiology of
this imbalance depending on the clinical risk factors for os-
teoporosis present in a given patient. These risk factors can
include hormonal changes after menopause, advanced age,
treatment with glucocorticoids, other endocrinopathies
such as hyperthyroidism or hyperparathyroidism, or
chronic systemic inflammation. While radiographic
techniques remain the mainstay for the diagnosis of os-
teoporosis, radiographic measures of bone mass have
been demonstrated to only account for a portion of the
total fracture risk (1, 2 ). Additionally, radiographically
detectable changes in bone mass can lag months to over a
year behind specific insults or therapies influencing bone
mass; thus there is a desire for readouts that respond more
rapidly to changes in bone physiology (3 ).

As osteoporosis emerges directly from alterations in
the number or activities of osteoblasts and osteoclasts, it
follows that biomarkers of the activity of these cells reflect
current levels of bone turnover. They may also provide
additional information beyond radiographic assessments
of total bone mass, as low total bone mass may occur with
either high or low levels of bone turnover, and bone in
low-turnover forms of osteoporosis may not have the
same biophysical properties and fracture risk as the same
amount of bone in a high-turnover form of osteoporosis.
Notably, this reasoning applies equally to all other disor-
ders of low bone mass or local bone erosion, including
skeletal metastases of solid tumors or selected hemato-
logic malignancies such as multiple myeloma. Thus bone
turnover markers (BTMs)3 can also provide information
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on disease activity in oncologic and rheumatologic con-
ditions affecting bone.

Introduction to Specific BTMs

BTMs can be categorized first as reflecting either bone
resorption or formation, and then further categorized
into matrix products that are liberated during bone re-
sorption or formation or cellular products that are di-
rectly secreted into the circulation at levels commensu-
rate with the number or activity of osteoclasts or
osteoblasts (Fig. 1). Here, we introduce several of the
most commonly used BTMs.

C- and N-Terminal Telopeptides of Type I
Collagen

Type I collagen is the most abundant protein component
of bone, and C- and N-terminal telopeptides of type I
collagen (CTX and NTX) are both fragments of type I
collagen from the telopeptide region, a nontriple-helical
portion near the ends of mature collagen (Fig. 2). The
telopeptides are cleaved during osteoclastic resorption of
bone, resulting in their liberation into the circulation at a
rate proportional to bone resorption activity. CTX is the
specific product of cathepsin K-mediated bone resorp-
tion, as direct digestion of bone with cathepsin K but not
alternative catabolic enzymes, such as matrix metallopro-
teinases, causes CTX release (4 ). In contrast, another
BTM, the C-terminal cross-linked telopeptide of type I
collagen (ICTP) is released by matrix metalloproteinase
or trypsin digestion of bone. ICTP has been suggested to
respond more to pathways of bone resorption activated

by skeletal metastases of solid tumors than those activated
in postmenopausal osteoporosis. However, clinical appli-
cation of ICTP is limited by it being available only as a
manual RIA, thus it will not be further considered here.

The NTX assay recognizes a peptide from the
N-terminal telopeptide of the �2-collagen chain, though
�1-collagen peptides are included in the cross-linked
complex. The 2 most widely used automated CTX assays
recognize an octapeptide epitope of the �1-chain telopep-
tide, which contains a lysine residue that forms cross-
links. Notably, the CTX octapeptide also contains an
aspartyl that gradually undergoes isomerization and race-
mization, converting from the newly synthesized form
(�CTX) to an isomerized form (�CTX) over time. Due
to the presence of the crosslink-forming lysine in the
CTX peptide, these are present both as monomers
(�CTX and �CTX) and dimers (�-�CTX, �-�CTX,
and �-�CTX). The relative abundance of �CTX to
�CTX has been proposed to provide information on the
duration of time between collagen deposition and resorp-
tion, though further validation is needed to determine
the potential clinical utility of this ratio (5 ). CTX assays
can display different degrees of selectivity for �CTX vs
�CTX and the various species of CTX dimers, with most
of the assays under the CrossLaps branding recognizing
predominantly �-�CTX, and the Alpha CTX assays rec-
ognizing �-�CTX.

In general, CTX and NTX assays show broadly sim-
ilar clinical utility and test characteristics, with head-to-
head comparisons of CTX and NTX showing relatively
modest differences in performance (6 ). Both CTX and
NTX are small enough to be renally cleared, and accord-
ingly, serum/plasma and urine are both suitable sample
types. In clinical practice, CTX is most commonly ana-
lyzed in serum, whereas NTX is often run on urine.
Though serum NTX assays are available at many refer-
ence laboratories, urine is the preferred sample as serum
NTX shows less robust changes to antiresorptive treat-
ment (7 ).

Fig. 1. Summary of commonly measured BTMs.
The commonly measured BTMs are listed according to whether
they are released by the catabolic activity of osteoclasts or the
anabolic activity of osteoblasts.

Fig. 2. Structure of type I procollagen.
A cartoon of triple-helical type I procollagen is displayed indicat-
ing the regions that correspond to the nontriple-helical telopep-
tides and propeptides flanking the core triple-helical region.
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Pyridinoline and Deoxy-Pyridinoline

Type I collagen in bone displays an extensive network
of covalent cross-links that contribute to the overall
biomechanical properties of bone. Pyridinoline (PYD)
and deoxy-pyridinoline (DPD) are specific cross-links
formed within structural collagens between lysine or hy-
droxylysine residues in the telopeptide region with spe-
cific sites within the collagen triple helix, with PYD
having 2 forms, hydroxylysyl PYD formed from 3 hy-
droxylysine residues and lysyl PYD which is derived from
1 lysine and 2 hydroxylysine residues. Hydroxylysine is
formed by the action of lysyl hydroxylase [procollagen-
lysine, 2-oxoglutarate 5-dioxygenase 1 (PLOD1)],4

which is defective in type VI Ehlers–Danlos syndrome.
Thus, the decreased amount of hydroxylysine seen in
type VI Ehlers–Danlos syndrome results in a reduction in
the ratio of hydroxylysyl PYD to lysyl PYD, and this can
be used as supporting evidence for a diagnosis of type VI
Ehlers–Danlos syndrome (8 ). Whereas PYD is found in
several tissues including bone and cartilage, DPD is pre-
dominantly found in bone, and is therefore considered to
be a more specific marker of bone turnover. PYD and
DPD are liberated upon resorption of bone and subse-
quently cleared renally (9 ).

In the urine, approximately 30%–50% of PYDs are
present as free species, and the rest are bound to peptides
or larger protein complexes (10 ). The free species are
hypothesized to be formed from metabolism of peptide-
bound PYDs after release from bone (11 ). PYDs can be
quantified using detection of their native fluorescence on
HPLC or by ELISA, with the distinction between free
and total depending on whether or not an acid hydrolysis
is performed to allow analysis of the peptide-bound frac-
tion (12 ).

N- and C-Terminal Propeptides of Type 1
Collagen

Osteoblasts secrete type 1 collagen as an intact molecule
containing the N- and C-terminal propeptides, which are
subsequently cleaved in the extracellular space. Thus, N-
and C-terminal propeptides of type 1 collagen (PINP and
PICP) levels are markers of type 1 collagen secretion by
osteoblasts. Both PINP and PICP appear to have similar
characteristics as analytes, but PINP has been more ex-
tensively studied and will, therefore, be the focus of con-
sideration here. PINP is present initially as a trimer of the
propeptides from the 3 protein chains in type 1 collagen

and is subsequently converted to monomeric forms in
circulation. Accordingly, assays may measure both mo-
nomeric and trimeric PINPs (total PINP) or just trimeric
PINP (intact PINP). Trimeric PINP is cleared via he-
patic uptake via scavenger receptors, whereas mono-
meric PINP is predominantly cleared renally. Accord-
ingly, whereas total and intact PINP show good
correlation in healthy controls, total PINP concentra-
tions are greatly increased in patients on hemodialysis
owing to impaired clearance of monomeric PINP (13 ).

Bone-Specific Alkaline Phosphatase

While total alkaline phosphatase (ALP) levels measured
by enzymatic activity can show an association with bone
remodeling activity, particularly in cases of extreme high
turnover disorders, such as Paget disease of bone, the
utility of total ALP in this context is blunted by total
ALP activity representing the products of 4 ALP genes
[alkaline phosphatase, intestinal (ALPI), alkaline phos-
phatase, liver/bone/kidney (ALPL), alkaline phospha-
tase, placental (ALPP), alkaline phosphatase, placental
like 2 (ALPPL2)] encoding numerous enzyme isoforms,
with each isoform responding to a different set of tissue-
specific disease processes. Of these, only the bone-specific
isoform of the ALPL gene reflects bone anabolic activity,
as it is directly released into the circulation in a manner
proportional with the number and differentiation state of
osteoblasts (14 ). While historically there were a number
of methods to determine isoform-specific ALP levels or
activity, immunoassays that specifically recognize bone-
specific ALP (bone ALP) are currently preferred for mon-
itoring bone metabolic activity. Importantly, the current
immunoassays available for bone ALP do not show per-
fect specificity and still display some degree of cross-
reactivity toward liver ALP. Thus, increased bone ALP
levels must be interpreted with caution in patients with
liver disease.

Bone ALP expression is acquired early in the differ-
entiation of osteoblasts from mesenchymal progenitors,
and bone ALP itself plays a key role in degrading the
natural inhibitor of mineralization pyrophosphate, as ev-
idenced by the potentially severe rickets-like skeletal dis-
ease in patients with hypophosphatasia due to mutations
in ALPL.

Osteocalcin

Osteocalcin (OC) is a 49-amino acid, calcium-binding
peptide secreted by mature osteoblasts that is the most
abundant noncollagen protein found in bone. OC has
recently reemerged as a molecule of intense interest in
basic and translational skeletal biology owing to the dis-
covery that it functions as a bone-derived hormone influ-
encing male fertility, glucose homeostasis, behavior due

4 Human genes: PLOD1, procollagen-lysine,2-oxoglutarate 5-dioxygenase 1; ALPI, alka-
line phosphatase, intestinal; ALPL, alkaline phosphatase, liver/bone/kidney; ALPP, alka-
line phosphatase, placental; ALPPL2, alkaline phosphatase, placental like 2.
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to direct effects in the central nervous system, and muscle
function in mice (15–17). Most OC secreted by osteo-
blasts is incorporated into the organic matrix that will
later ossify into bone, however, a small fraction is secreted
into the circulation. For this reason, OC is widely con-
sidered a bone formation marker, and, indeed, OC con-
centrations correlate with direct measurements of bone
formation by histomorphometry (18 ). However, the
fraction of OC incorporated into the organic bone matrix
can be liberated during osteoclastic bone resorption.
Thus, bone resorption can potentially directly impact
serum OC concentrations, though the practical signifi-
cance of this effect is unclear.

OC is also known to contain 3 glutamic acids
(amino acids 13, 17, and 20) that undergo vitamin
K-dependent �-carboxylation, which increases the affin-
ity of OC for hydroxyapatite (19 ). Consistent with this
vitamin K-dependent posttranslational processing, treat-
ment with vitamin K antagonists, such as warfarin, in-
creases the relative amount of uncarboxylated or under-
carboxylated OC and can lower total serum OC
concentrations (20 ). A fraction of OC subsequently un-
dergoes decarboxylation, and only uncarboxylated OC is
able to regulate glucose homeostasis (21 ). While there
has been substantial interest in the clinical applications of
selective measurement of uncarboxylated OC, this has
yet to be implemented as a clinical assay outside of a
research setting.

Notably, samples for OC measurement have special
collection and transportation requirements, due to the
instability of OC. It is recommended that samples be
kept near 4 °C and processed within 4 h of collection.
Sample hemolysis is consistently observed to reduce OC
levels, likely by enhancing OC degradation. As this insta-
bility of OC is largely a property of the labile 6-amino
acid C-terminal sequence, an assay of a more stable frag-
ment lacking this sequence, the N-Mid-OC fragment
(amino acids 1–43), has found clinical utility alongside
measurement of intact OC (22 ).

Preanalytic Factors in the Measurement of
BTMs

Insofar as BTMs provide an integrated systemic measure-
ment of bone turnover, preanalytic factors influencing
bone turnover around the time of collection will impact
their concentrations. These preanalytic factors can be di-
vided into controllable factors, such as seasonal or circa-
dian variation, and uncontrollable factors including de-
mographic variables such as age and sex. Among the
controllable factors, bone resorption displays significant
circadian variation, and serum CTX, NTX, and OC con-
centrations peak in early morning between midnight and
8 AM with a nadir in the afternoon (23 ). This circadian
effect can be generally observed with most BTMs, though

CTX displays the highest amplitude in circadian varia-
tion (24 ). Additionally, seasonal variation is observed in
bone turnover, with a peak in bone remodeling occurring
during winter months, though the degree of coupling
varies with premenopausal women showing the greatest
seasonal variation (25 ). Bone resorption levels drop post-
prandially, which is a significant contributor to the rise in
CTX occurring during the early morning, which is typi-
cally the longest period of fasting each day. This post-
prandial drop in bone remodeling has been shown to
result from the effects of gastrointestinal hormones, such
as glucagon-like peptide-2, to reduce bone resorption
(26 ). Thus, measurement of serum CTX on a fasting
morning draw is recommended to increase consistency of
measurement. Bone formation markers appear to be less
impacted by these factors (27 ). Exercise has been ob-
served to cause acute changes in the concentrations of
BTM markers, thus it is recommended that exercise be
avoided for 48 h before sample draw (28 ). Current smok-
ing habit and low BMI are also associated with higher
basal BTM concentrations (29 ). Bone turnover also var-
ies with the menstrual cycle, rising during the mid to late
follicular phase and falling during the midluteal phase
(30 ). Thus, in premenopausal women, ideal practice is to
sample during the follicular phase of the menstrual cycle
to obtain a consistent baseline in BTM concentrations.

In addition to these factors influencing bone turn-
over, patient factors influencing BTM clearance will also
influence measurement. Most notably, CTX, NTX, mo-
nomeric PINP and OC display renal clearance and will
generally be increased in renal insufficiency (31 ).
Tartrate-resistant acid phosphatase (TRAP), an enzyme
secreted from osteoclasts that correlates with resorption
activity, is one of the few catabolic BTMs that is not
renally cleared, thus it may have utility in the setting of
renal failure. However, this utility of TRAP assays is lim-
ited by a generally inferior ability to predict risk of frac-
ture in comparison to CTX or NTX (32 ). Assays that
specifically measure the osteoclast-derived TRAP iso-
form, TRAP5b, as opposed to all serum TRAP activity
may improve these limitations (33 ). For anabolic BTMs,
bone ALP is not renally cleared and may have utility in
the setting of renal insufficiency (34 ). Most BTMs are
present in type I collagen in nonskeletal tissues, therefore
disease processes involving matrix remodeling in other
tissues, such as systemic sclerosis, congestive heart failure,
or dilated cardiomyopathy have been shown to increase
BTM concentrations (35–37).

Demographic factors are an uncontrollable source of
preanalytic variation in BTMs. Men in their 20s and 30s
generally display higher basal concentrations of BTMs
than women (38, 39 ). However, after age 50, this re-
verses, as women display a more rapid increase in baseline
resorption levels with aging, most likely associated with
the menopausal transition (40 ). As BTM concentrations
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reflect both the total area of bone surface available for
remodeling and the relative remodeling activity at each
of those sites, the greater relative skeletal mass in
young men may account for their increased baseline
concentrations of BTM. Greatly increased levels of
both formation and resorption markers are seen in
growing children, showing a correlation with the rate
of change in height, peaking during puberty (41 ). This
pubertal peak is more pronounced for CTX or NTX
than DPD, where increased concentrations are ob-
served without a discrete pubertal peak (42 ). BTMs
tend to remain at relatively low basal levels during
adulthood until an increase is observed in postmeno-
pausal women. These demographic effects on BTM
levels highlight the challenge in generating reference
intervals across categories of age and sex, especially as
many of the standard reference intervals for BTMs
were established in young women. Populations where
bone metabolism is less widely studied, including men
and children have less available data to use in estab-
lishing reference intervals (43 ).

When determining bone mass by the most common
radiographic technique, dual-energy x-ray absorptiom-
etry (DXA), it is common to primarily compare patient
values not to an age- and sex-matched reference interval
(termed Z-scores), but instead to a sex-matched reference
interval from healthy, young adults (T-scores). This is
justified on the grounds that it is the absolute value of
bone mass that determines fracture risk, not whether the
patient’s bone mass is within reference limits for age.
Similar considerations may also extend to BTM markers,
as it has been proposed that reference intervals in women
be drawn from the relative nadir in BTMs during the ages
of 35–45 (29 ).

Applications of BTMs

The majority of osteoporotic fractures occur not in indi-
viduals with osteoporosis but rather in individuals with
osteopenic bone mineral density (BMD). Though os-
teopenic patients (BMD T-score �1 to �2.5 by DXA
scanning) are at lower individual risk for fracture than
osteoporotic patients (T-score ��2.5), the larger total
number of osteopenic patients means that most fractures
will occur in this subset at the population level (44 ).
Thus, as most fractures occur in a large group of patients
with relatively low fracture incidence, additional tools to
predict fracture risk are desperately needed to identify the
individuals who would optimally benefit from osteopo-
rosis pharmacotherapy. One approach to this problem is
to apply advanced radiographic techniques such as the
DXA-derived trabecular bone score and high-resolution pe-
ripheral quantitative computed tomography to pro-
vide additional risk stratification data (45, 46 ). Mea-
surements of BTMs have been studied as another

potential approach to this problem. Here, we will sum-
marize the utility of BTMs in the clinical management
of osteoporosis, focusing primarily on postmenopausal
osteoporosis.

Use of BTMs to Predict Bone Loss

As total bone mass reflects the balance of activity between
osteoclasts and osteoblasts, there is intense interest in
measuring the activities of these cell lineages in vivo.
Bone resorption increases rapidly with the menopausal
transition (47 ). Since bone resorption and formation are
typically coupled, increased indices of osteoblast activity
are usually noted along with increased bone resorption by
osteoclasts. Several studies have investigated the relation-
ship between BTMs, menopausal status, and subsequent
bone loss. Overall, while a clear relationship has been
documented between perimenopausal BTM levels and
subsequent bone loss, the association between BTM lev-
els and subsequent bone loss in elderly women is less
obvious (48 ). Therefore, the positive predictive value of
altered BTM levels for accelerated bone loss in elderly
white women is modest (2 ).

Currently, most women are not systematically
screened for osteoporosis at the time of the menopausal
transition. Therefore, incorporating routine monitoring
of BTMs into clinical practice to identify the “rapid los-
ers,” who might go on to develop osteoporosis many
years later, presents substantial challenges. In the absence
of prospective randomized clinical trials designed to as-
sess the efficacy and cost-effectiveness of such a screening
program, use of BTMs is not currently recommended as
a public health measure to identify patients at increased
risk of rapid bone loss (49 ).

One approach to increase the utility of BTMs in
predicting bone loss is based on the observation that,
ultimately, bone mass reflects the amount bone formed
minus the amount of bone resorbed. Thus, ideally, both
bone formation and bone resorption BTMs would be
combined into a single integrated measure reflecting the
net bone loss, though equating BTM measurements with
changes in the volume of bone tissue is a challenge. The
bone balance index is a creative solution to this problem,
and is based using regression to determine the relative
amounts of OC vs urine NTX seen in a patient cohort
with stable bone mass (50 ). Then, patients are assessed
relative to this regression standard to determine if their
amount of NTX relative to OC is above or below the
amount expected to correspond to stable bone mass. Ini-
tial validation suggests that the bone balance index may
be a useful method to predict bone loss, however, further
study is needed to see how widely applicable this ap-
proach proves.

Review

468 Clinical Chemistry 63:2 (2017)

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/63/2/464/5612856 by guest on 09 April 2024



Use of BTMs to Predict Fracture Risk

Given that BMD only accounts for a portion of fracture
risk, many studies have been performed to determine the
relationship between incident BTM concentrations and
subsequent fracture risk. Notably, distinction must be
drawn between the ability of BTMs to predict bone loss,
as discussed above, with their ability to predict fracture
risk, as patients can have markedly differing fracture risks
at a given overall level of bone mass due to variation in
demographic, clinical, and bone microarchitectural fac-
tors. Overall, prospective studies analyzing the relation-
ship between bone formation markers and subsequent
fracture risk have failed to show clear utility for anabolic
BTMs for this application (2 ). In contrast, multiple stud-
ies have demonstrated that increased markers of bone
resorption are predictive of subsequent fragility fracture
(51 ). Interestingly, increased resorptive markers are
linked to increased fracture risk only for a period of up to
5 years after initial assay, as this association is not detect-
able in longer-term follow-up studies (52 ).

Notably, comorbid clinical conditions can alter the
relationship between BTMs to predict fracture risk. As
one of the best-studied examples, BMD measurements
underestimate fracture risk in individuals with diabetes
(53 ). Therefore, how to best apply BTMs to estimate
fracture risk in diabetic patients represents an area of
active investigation.

Despite these findings linking increased concentra-
tions of resorptive BTMs and fracture risk, few data exist
regarding the utility of such measurements in routine
clinical practice. ROC analyses have failed to demon-
strate that the combination of low BMD and increased
BTMs detects more women at risk for fracture than low
BMD alone (54 ).

In summary, while BTMs represent powerful re-
search tools for epidemiologists studying fracture risk
across populations, current evidence is insufficient to rec-
ommend their routine use to identify individual patients
who would optimally benefit from osteoporosis pharma-
cotherapy. However, distinction should be made for pa-
tients with “secondary” bone loss such as hyperparathy-
roidism, hyperthyroidism, vitamin D deficiency, and
paraproteinemia, as BTMs may have utility in these
higher-risk patient subsets. Additionally, as the unmet
clinical need of reducing morbidity and mortality from
osteoporotic fractures is driving active investigation of
how to best apply BTMs for the routine monitoring of
fracture risk, new applications for BTMs in this domain
may emerge in the future.

Use of BTMs in Monitoring Osteoporosis

In contrast with the limitations to the use of BTMs for
identifying patients at risk of rapid bone loss, use of

BTMs to guide osteoporosis therapy has clearer potential
utility. The pattern of change in BTMs in response to
treatment is well described, and these changes have been
used to predict both increases in bone density and ther-
apeutic efficacy in reducing fracture risk.

TREATMENT EFFECT

Antiresorptives directly inhibit bone resorption by oste-
oclasts and accordingly result in relatively rapid decreases
in bone resorption markers. The degree of inhibition of
bone resorption varies with each antiresorptive based on
the dose and mechanism of action. This inhibition of
bone resorption secondarily causes a decrease in bone
formation markers, due to physiologic mechanisms link-
ing osteoclast and osteoblast activity. As some of this
coupling effect is mediated directly by osteoclasts, antire-
sorptive agents which inhibit osteoclast resorptive capac-
ity while leaving osteoclasts present will have a lesser ef-
fect on bone formation than agents that reduce osteoclast
numbers. For instance, inhibitors of cathepsin K, an in-
vestigational class of antiresorptives, decrease levels of
CTX (55 ). However, as inhibitors of cathepsin K do not
affect osteoclast numbers, existing osteoclasts are still able
to stimulate osteoblast recruitment and differentiation.
Thus the decrease in bone formation markers with ca-
thepsin K inhibitors is less than the decrease observed
with bisphosphonates and denosumab, agents that can
block osteoclast differentiation or kill active osteoclasts
(4, 56 ).

This linkage between osteoclasts and osteoblasts can
also function in the opposite direction, with agents tar-
geting osteoblasts influencing bone resorption by oste-
oclasts. Recombinant human parathyroid hormone
(PTH) 1–34 (teriparatide) is typically characterized as an
anabolic agent, but results in increases in both bone for-
mation and resorption markers (55, 57 ). Anti-sclerostin
monoclonal antibody, an anabolic agent under investiga-
tion, also results in a dose-dependent increase in bone
formation markers but, unlike teriparatide, a transient
decrease in serum CTX (58 ).

Combination therapy with antiresorptive and ana-
bolic agents has been studied in postmenopausal women.
In postmenopausal women treated with denosumab and
teriparatide, bone formation markers decreased with the
combination of denosumab and teriparatide but less so
than with denosumab alone (59, 60 ). CTX decreased
similarly between denosumab monotherapy and combi-
nation therapy at month 12 and remained suppressed at
month 24. This sustained inhibition of bone resorption
contrasts with prior bisphosphonate-based combination
trials. Combined zoledronic acid and teriparatide sup-
pressed CTX levels only transiently, and combined alen-
dronate and teriparatide or PTH suppressed bone resorp-
tion less than alendronate alone (55, 61, 62 ). Although
direct comparisons cannot be made between trials ow-
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ing to differences in trial design, this differential effect
on bone resorption may explain the larger increases in
BMD observed with denosumab and teriparatide combina-
tion vs bisphosphonate-based combinations.

CLINICAL OUTCOMES

Both baseline concentrations of BTMs and the responses
of BTMs early after the initiation of therapy for osteopo-
rosis predict BMD changes. Baseline concentrations of
PINP correlate positively with teriparatide-induced
changes in spine and hip BMD at months 18 and 24
(63, 64 ). Early increases at months 1 and 3 in PINP were
predictors of 1–2 year increases in spine BMD with
teriparatide (63, 65 ). Similarly, early decreases in BTMs
with bisphosphonates and denosumab correlated with
long-term (2–3 years) increases in BMD (66, 67 ).

Furthermore, early changes in BTMs are associated
with fracture risk reduction with some antiresorptives
(67–70). For example, in a posthoc analysis of the Frac-
ture Intervention Trial (FIT), greater decreases of serum
PINP, bone ALP, and CTX with alendronate treatment
were associated with a greater reduction in spine and hip
fractures (68 ). Similarly, decreases in urine CTX and
urine NTX with risedronate were associated with greater
reduction in spine fractures (66, 67 ). In the Multiple
Outcomes of Raloxifene (MORE) trial, changes in OC
predicted spine fracture risk reduction better than
changes in BMD (70, 71 ). Similar relationships were ob-
served with PINP and zoledronic acid in the Health Out-
comes and Reduced Incidence with Zoledronic Acid
Once Yearly–Pivotal Fracture Trial (HORIZON-PFT)
study (72 ).

Lastly, monitoring BTMs after discontinuation of
therapy would be clinically valuable if levels or changes in
BTMs were established to correlate with fracture risk.
However, in the Fracture Intervention Trial Long-Term
Extension (FLEX) trial, levels of CTX, PINP, and bone
ALP at the start of the extension did not predict bone loss
over a treatment-free 5-year interval in participants who
had received a mean of 5 years of alendronate during FIT
(73 ). Furthermore, 1-year changes in bone ALP and
urine NTX after treatment discontinuation did not pre-
dict fracture rates (74 ). Additionally, in the HORIZON
extension, PINP concentrations at the entry of the exten-
sion were not a predictor of morphometric vertebral or
nonvertebral fractures in participants who had received 3
years of zoledronic acid followed by 3 years of placebo
(61 ). Based on these findings, monitoring BTMs after
treatment is not standard practice, although this remains
an area of considerable interest.

In summary, use of BTMs with osteoporosis therapy
remains limited to research use and is yet to be standard-
ized for clinical use. However, the ability to detect early
changes in bone with BTMs vs with bone density scans
remains extremely desirable. Clinical use of BTMs may

be limited by the analytic variability of assays as previ-
ously discussed, and there is great potential to impact
osteoporosis care with future improvement in BTM
assays.

Use of BTMs in Renal Disease

Patients with chronic kidney disease may develop osteo-
porosis and/or renal bone disease. Excluding adynamic
bone disease, osteomalacia, and hyperparathyroid renal
bone disease is critical to make appropriate treatment
decisions. Bone histomorphometry remains the gold
standard to diagnose renal osteodystrophy and chronic
kidney disease–mineral bone disorder but is not com-
monly performed owing to limited clinical availability
(75 ). As already reviewed, TRAP and bone ALP are not
renally cleared and may have utility in the setting of renal
insufficiency. In a comprehensive review of a large sample
size of individuals with bone histomorphometry, extreme
high and low values of PTH correlated with bone forma-
tion rate. Additionally, the authors suggested that using
bone ALP in conjunction with PTH may be helpful as
low levels of bone ALP are associated with adynamic
bone disease (76 ). While bone histomorphometry re-
mains the gold standard for diagnosing bone disease in
the setting of chronic kidney disease, extreme values of
bone ALP may serve as a useful proxy measure.

Role of BTMs in Oncology

A number of solid tumors, most notably breast and pros-
tate carcinoma, characteristically metastasize to bone,
and primary involvement of bone are also characteristic
of several hematopoietic malignancies, particular multi-
ple myeloma. In nearly all cases, this bone involvement is
characterized by alterations in bone metabolism, and
these disruptions in bone metabolism commonly predis-
pose to pathologic fractures and may contribute to sus-
taining the growth of these skeletal metastases. Measure-
ment of BTMs can provide prognostic information in
these settings. In patients with castration-resistant pros-
tate cancer, lung cancer, or other solid tumors, increased
levels of NTX predicted a number of negative outcomes,
including skeletal-related events, disease progression and
death (77 ). A detailed consideration of this topic has
been the subject of recent reviews (78 ).

Early seeding of a bone metastasis leads to increased
bone turnover, thus BTMs have been investigated as a
potential noninvasive method to screen for subclinical
bone metastases. However, a major challenge to this ap-
proach comes from the many preanalytic sources of vari-
ability in BTM concentrations combined with other
endocrine and chemotherapeutic therapies having a con-
founding effect on bone turnover. For instance, in a co-
hort of 94 patients with a mixed group of solid tumors,
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screening of a number of BTMs showed significant in-
creases in NTX and DPD in patients with skeletal me-
tastases (79 ). However, the sensitivity of even the best
performing BTM in this study, NTX, was too low to be
of practical clinical utility. Thus, the low sensitivity of
increased BTMs for detecting skeletal metastases, in part
due to high preanalytic variability, likely precludes their
general use as a stand-alone screening test for this indica-
tion. However, approaches to account for this variability,
such as analyzing the serial change in BTM measure-
ments over time, are currently being explored. For in-
stance, changes in a patient’s CTX/bone ALP ratio have
been proposed to predict the appearance of osteolytic
lesions in multiple myeloma (80 ).

BTMs have also been investigated as prognostic
markers in patients with known metastases. In patients
with known bone metastases from solid tumors, increases
in bone ALP or NTX predicted increased rates of
skeletal-related events, such as fracture, disease progres-
sion or death (77 ). Furthermore, normalization of NTX
levels after treatment was also correlated with a longer
event-free and overall survival when examined across sev-
eral studies of solid tumors, suggesting that BTMs may
have utility in monitoring therapy in this setting
(81, 82 ).

In rare cases, BTMs may themselves function as tu-
mor markers directly secreted by primary bone tumors.
Osteoid osteoma has been proposed to secrete OC (83 ).
Bone ALP can be secreted from osteosarcoma, and high
bone ALP has been observed in patients with osteosar-
coma (84 ). However, bone ALP levels have been pro-
posed to have greater diagnostic utility for detection of
osteosarcoma in adult vs adolescent onset osteosarcoma
due to the lower baseline variability of bone ALP levels in
adults.

BTMs in Rheumatologic Disorders

Rheumatologic disorders such as rheumatoid arthritis
can have several distinct reasons for increases in resorp-
tive markers. First, disorders such as rheumatoid arthritis
display local, particularly periarticular bone erosions.
Additionally, the inflammatory milieu of the disorder
promotes systemic osteopenia due to enhanced bone
resorption and suppressed bone formation. This last
factor is not specific to rheumatoid arthritis and is seen
across a wide range of chronic inflammatory, autoim-
mune, or infectious disorders, especially inflammatory
bowel disease.

Consistent with these factors, the presence of rheu-
matoid arthritis is associated with an increase in nearly all
resorption markers and a suppression of bone formation
markers (85 ). Moreover, resorptive markers, especially
CTX and PYD are associated with disease activity, corre-
lating with the risk of radiologic progression of bone

erosion (86, 87 ). Consistent with this linkage between
resorptive markers and disease activity, therapy with dis-
ease modifying biologics, such as anti-tumor necrosis fac-
tor antibodies, promotes a relative normalization of the
levels of bone resorption and bone formation BTMs
(88 ). Notably, this normalization of bone turnover may
not necessarily be tied with a clinical response to therapy
(89 ).

Additionally, other rheumatologic disorders display
increases in resorptive BTMs. Polymyalgia rheumatica
has been associated with increases in resorptive markers
(90 ). Both DPD and CTX levels are increased in psori-
atic arthritis, ankylosing spondylitis, and reactive arthritis
and the degree of increase tends to correlate with inflam-
matory markers such as erythrocyte sedimentation rate
and C-reactive protein (91 ).

BTMs in Paget Disease of Bone

Paget disease of bone is the second most common bone
metabolic disorder after osteoporosis and is characterized
by extremely high bone turnover leading to expansion
and deformation of affected bones. In about half of af-
fected patients, this results in symptoms, most com-
monly due to osteoarthritis, nerve entrapment or fracture
secondary to either expansion or fragility of the affected
bones. Both Paget disease and the group of rare Paget-like
skeletal disorders including expansile skeletal hyperphos-
phatasia, familial expansile osteolysis, juvenile Paget
disease, and fibrous dysplasia are characterized by a sub-
stantial increase in nearly every BTM measured (92 ).
Furthermore, BTM concentrations, particularly PINP
concentrations, have been shown to correlate with bone
scintigraphy measures of disease activity and to respond
to treatment with antiresorptives; thus BTMs have both
diagnostic and disease monitoring applications for Paget
disease of bone (93 ).

Conclusions

BTMs have utility in the diagnosis and management of
endocrine, oncologic, and rheumatologic disorders influ-
encing bone. However, this breadth of potential applica-
tions for BTM monitoring highlights the many physio-
logic factors and disease conditions influencing BTM
levels that can act as potential confounders for interpret-
ing BTMs for a given indication. These limitations have
motivated increasing efforts to counter their inherent
variability with methods that account for and minimize
preanalytic sources of variation. Similarly, efforts are un-
derway to bolster the ability of BTMs to predict clinical
risk by incorporation into indication-specific compre-
hensive risk models. Both of these approaches have the
promise to increase the ability of BTMs to provide clin-
ically actionable information.
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