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Abstract

Abnormal bone metabolism is an integral part of the chronic kidney disease-mineral bone disorder (CKD-MBD). For sev-
eral reasons, the difficult bone compartment was neglected for some time, but there has been renewed interest as a result
of the conception of bone as a new endocrine organ, the increasing recognition of the cross-talk between bone and vessels,
and, especially, the very high risk of osteoporotic fractures (and associated mortality) demonstrated in patients with CKD.
Therefore, it has been acknowledged in different guidelines that action is needed in respect of fracture risk assessment and
the diagnosis and treatment of osteoporosis in the context of CKD and CKD-MBD, even beyond renal osteodystrophy. These
updated guidelines clearly underline the need to improve a non-invasive approach to these bone disorders in order to guide
treatment decisions aimed at not only controlling CKD-MBD but also decreasing the risk of fracture. In this report, we
review the current role of the most often clinically used or promising biochemical circulating biomarkers such as parathyroid
hormone, alkaline phosphatases, and other biochemical markers of bone activity as alternatives to some aspects of bone
histomorphometry. We also mention the potential role of classic and new imaging techniques for CKD patients. Information
on many aspects is still scarce and heterogeneous, but many of us consider that it is indeed time for action, recognizing our
definitely limited ability to base certain treatment decisions only on our current non-comprehensive knowledge.
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Bones protect and support vital organs and work with
joints and muscles to help movement, a fundamental func-
tion of life on Earth. In addition, bone stores minerals, and
bone marrow is the primary site of hematopoiesis. There
has also been renewed interest in the bone compartment as a
result of the conception of bone as a new endocrine organ “at
the heart” of CKD-MBD [10] and the increasing recognition
of the cross-talk between bone and vessels and of the inter-
twining between bone with inflammation. Thus, investiga-
tions have aimed to discover possible pathogenic links with
increased and accelerated cardiovascular burden and aging
(now nicknamed inflammaging) in both the general popula-
tion and patients with CKD [11-13]. Moreover, it has been
acknowledged that action is needed in respect of fracture risk
assessment and the diagnosis and treatment of osteoporosis
in the context of CKD and CKD-MBD [14-20], including
advanced stages of CKD as endorsed by several European
working groups in the just released European Consensus
Statement on the diagnosis and management of osteoporosis
in CKD stages G4—G5D [20]. Since CKD is a state of accel-
erated aging, primary osteoporosis may also play a more
prominent role in bone fragility than previously recognized
and may eventually overcome the impact of ROD itself [20].
In fact, the recent 2017 Kidney Disease Improving Global
Outcomes (KDIGO) clinical practice guideline update for
the diagnosis, evaluation, prevention, and treatment of CKD-
MBD [1] had already recognized that (a) patients with CKD
G3a-G5D have increased fractures rates and associated mor-
tality compared with the general population [1, 21]; (b) as
reported in post-hoc analyses, osteoporosis medications have
a similar efficacy in improving bone mineral density (BMD)
and reducing fracture incidence, at least in individuals with
a moderately reduced estimated glomerular filtration rate
(eGFR) compared with those with mildly decreased or nor-
mal eGFR [1, 20-26]; and (c) inability to perform a bone
biopsy may not justify withholding antiresorptive therapy
from patients at high risk of fracture [1, 14, 16, 18, 20].
Hence, the guidelines clearly underline the need for a non-
invasive approach to bone disorders in patients with CKD in
order to guide treatment decisions, which should be aimed
at not only controlling CKD-MBD but also decreasing the
risk of fracture.

Many available treatments for ROD and/or osteoporosis
[e.g., antiparathyroid drugs (vitamin D derivatives and/or
calcimimetics), bisphosphonates, denosumab, teriparatide]
target bone turnover (a dynamic biological process indicat-
ing cellular activity), with bone volume and strength being
a net resultant of the intervention on the dynamics of bone
cells [27]. However, their real effect in preventing fractures
in CKD patients is not yet well known since the etiology of
fractures in CKD is multifactorial and fractures are not fully
explained by reduced BMD or histomorphometry findings
alone. Moreover, transiliac bone biopsy analyzes trabecular

bone, is not straightforward, and is subject to limitations that
can impact on clinical diagnosis and decision making [3,
27]. In fact, the non-evaluated cortical bone thickness and
porosity are equally important in determining fracture risk.
It also has to be taken into account that bone biopsy provides
information only at a single time point and consequently
does not allow easy longitudinal monitoring of changes in
bone turnover or morphology because the performance of
serial biopsies in individual patients is not clinically practi-
cal. For all these reasons, in this report, we review the cur-
rent role of the most often clinically used or promising bio-
chemical circulating markers as alternatives to some aspects
of bone histomorphometry, as well as briefly mentioning the
potential role of new imaging techniques.

Bone Biomarkers

Several biomarkers of ROD (including biomarkers of bone
turnover and/or bone remodeling regulators) are being regu-
larly used in clinical practice, but some are employed solely
in clinical research. Although these biomarkers are easy to
measure and reflect changes in bone turnover more rapidly
than changes with other tests, certain common limitations
should be kept in mind. The most important is that to date,
a causal role in the pathogenesis of ROD (necessary in order
for the biomarker to qualify as a treatment target) has been
established only for parathyroid hormone (PTH). Moreover,
the clinical relevance of the different bone biomarkers in
terms of their predictive power in respect of incident clini-
cal events (e.g., future fractures, cardiovascular events, or
death), varies greatly among different cohorts (e.g., CKD
stages 3 vs CKD 4-5D), and further limitations include
the scarcity of available data and the inherent variability
of assays. The distinct prevalence of low- vs non-low vs
normal- or high-turnover bone disease which depends on
many demographic factors (e.g., age, diabetes prevalence,
and ethnicity) definitely contributes to the lack of homoge-
neity. Optimal targets are commonly disputed, especially in
patients with CKD, and this issue is further complicated by
the diminished renal clearance of some biomarkers or their
altered metabolism, which thereby no longer reflects their
production rate. Interestingly, some of the bone biomarkers
used as a proxy to establish the type, and severity of ROD
are not specific to metabolic processes in bone tissue alone,
but can also be expressed in cells of cardiovascular tissues
or reflect non-primary bone diseases [20, 27, 28], thus occa-
sionally lacking tissue specificity [20]. Finally, since bone
markers may differ in their origin and function, the absence
of a clear correlation among biomarkers may be expected
even if they reflect the same general biological process in
bone [27].
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Parathyroid Hormone, Alkaline Phosphatases,
and Bone Turnover

Both PTH [second-generation intact (iPTH) or third-
generation “whole” 1-84 PTH (BioPTH)] and alkaline
phosphatases [(APs), rotal (tAP), or bone-specific alka-
line phosphatase (BSAP)] have classically been associated
with bone formation and regarded as reliable markers of
bone turnover in CKD [28-30]. AP levels, unlike iPTH
levels, are not affected by renal function [30], but in the
mid-1990s and early 2000s, tAP fell out of favor when
commercial PTH assays became available and the Kidney
Disease Outcomes Quality Initiative (KDOQI) guidelines
on CKD-MBD chose not to mention APs because target
ranges were uncertain [31]. Moreover, at the time, it was
felt that PTH is the main regulator of bone remodeling.
However, the currently available BSAP is generally con-
sidered more sensitive and specific for bone disease [32],
especially given the interference of liver isoenzymes in the
measurement of tAP. Moreover, BSAP seemed better than
both iPTH and tAP in distinguishing between the clinical
situations of normal/low-turnover bone disease and high-
turnover bone disease in dialysis patients [29]. Accord-
ingly, BSAP was found to show a better correlation with
bone turnover (histomorphometrically determined) than
tAP, and outperformed iPTH in detecting high-turnover
bone disease [29]. It has been reported that BSAP > 20 ng/
ml, alone or combined with iPTH > 200 pg/ml, has the
highest sensitivity, specificity, and predictive values for
the diagnosis of high-turnover bone disease and allows
the exclusion of normal- or low-turnover bone disease [30,
32-34]. On the other hand, several observations have sug-
gested that low-turnover bone disease should be suspected
when iPTH levels are less than 150 pg/ml or when BSAP
levels are lower than 27 U/L [29, 33]. As mentioned above,
the KDOQI guidelines chose not to mention the uncer-
tain target values for tAP [31], and in the recent 2017
KDIGO guidelines, different predictive values have been
described for iPTH according to the different cut-off values
employed (i.e., KDOQI 150-300 pg/ml or KDIGO 2X-9X
the upper limit of normal for assay, respectively) [1, 30,
31]. It is of note that a high-risk cut-off for tAP (> 120
U/L) has frequently been reported [32, 35]. More specifi-
cally, Coen et al. reported that a BSAP < 12.9 ng/ml has
a sensitivity of 100%, a specificity of 94%, and a positive
predictive value of 72% in the prediction of low-turnover
bone disease [36]. In the more recent BONAFIDE pro-
spective study of hemodialysis patients who were treated
with calcimimetics (inclusion criteria: PTH > 300 pg/ml,
BSAP >20.9 ng/ml, and calcium > 8.4 mg/dl), no basal
adynamic bone disease (ABD) was detected, and most
subjects had either mild or severe hyperparathyroid bone
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disease, with only 10.4% of patients having mixed lesions
[37].

On the other hand, in an important KDIGO-led multi-
national cross-sectional retrospective diagnostic study of
biomarkers (all run in a single laboratory but without con-
sideration of therapy) and bone biopsies, the authors com-
bined databases from four countries including 492 dialysis
patients [38]. In this study, the best BSAP cut-off value for
discrimination of low- from non-low turnover bone disease
was found to be 33.1 U/L, while that for the discrimina-
tion of high- from non-high-turnover bone disease was 42.1
U/L [38]. Using iPTH (Roche assay, upper limit of nor-
mal =65 pg/ml), the best cut-off value for discrimination of
low- from non-low turnover bone disease was < 103.8 pg/
mL, and that for the discrimination of high- from non-high
turnover bone disease was > 323.0 pg/mL [38]. However,
although biomarkers such as iPTH and BSAP or combi-
nations thereof allowed discrimination of low- from non-
low and high- from non-high turnover bone disease, the
area under the receiver operating characteristic (AUROC)
curves was > 0.70 but < 0.80. The authors also found BSAP
to be only slightly better than iPTH for diagnosing low- vs
non-low-turnover bone disease (AUROC =0.757 vs 0.701,
respectively), while no difference was noted in respect of
high- vs non-high-turnover bone disease (AUROC=0.724
vs 0.711, respectively). In contrast with previous studies,
the combination of iPTH and BSAP did not significantly
increase the AUROC curve in any differential diagnosis
(AUROC =0.718). Thus, addition of AP or BSAP measure-
ments to iPTH results has not always been shown to improve
diagnostic accuracy [38, 39]. Actually, AP can reflect not
only osteoblastic activity in bone but also osteoblast-like
cell activity in vascular smooth muscle, whereas iPTH is
only indirectly associated with bone formation (as a second-
ary impact) and represents parathyroid activity at a certain
time point much better than it represents bone dynamics
[34]. Moreover, distinct from most other turnover markers
or regulators, PTH secretion is not dictated by local demand
in bone, as is the case for several other biomarkers which are
triggered by osteocytes via mechanical stimuli [40].

In any case, some authors have recently underlined a
lower variability for serum BSAP and consider that it may
thus be better suited for the diagnosis, prognosis, and lon-
gitudinal follow-up of bone turnover [32, 41, 42]. Further-
more, all these data on BSAP, as well as the other biomark-
ers, can still be very useful because the positive predictive
value for low-turnover bone disease can easily be increased
by applying a lower cut-off value (e.g., BSAP<33.1 U/L)
while, conversely, that for high-turnover bone disease can
be improved by applying a higher value (e.g., BSAP >42.1
U/L) [27, 35].

Several circulating human BSAP isoforms have also been
described (including the recently reported B 1x, which seems



The Non-invasive Diagnosis of Bone Disorders in CKD

515

to circulate only in the serum of patients with CKD G4-G5
and not in normal subjects) [43]. This B1x isoform was the
only biochemical parameter that correlated inversely with
histomorphometric parameters of osteoblastic number and
activity, and whose AUROC curves showed that it could
be used for the diagnosis of low-turnover bone disease
(AUROC =0.83) [42]. The clinical utility of different APs,
their role in the process of vascular calcification and cardio-
vascular disease, their association with BMD/hip fractures,
their linear association with survival in CKD patients, and
their role as a potential novel and independent target for
treatment are beyond the scope of this review, but interested
readers are encouraged to consult recent publications [28,
32,34, 44, 45].

In summary, although serum PTH levels mainly reflect
the degree of parathyroid gland function, serial PTH meas-
urements either alone or in combination with BSAP still
remains the best surrogate biomarker of bone turnover in
CKD patients. BSAP improves the performances of PTH
for the diagnosis of low- vs high-bone turnover but recent
results have disputed the best cut-off values.

Parathyroid Hormone and Alkaline Phosphatases
in Guidelines

Finally, it is necessary to mention that the correlation
between serum iPTH and “whole” PTH as measured by a
central laboratory is very strong (r=927; 95% confidence
interval 0.897-0.950) [38]. Guidelines only recommend
monitoring serum levels of calcium, phosphate, PTH, and
AP activity beginning in CKD G3a in adults (Guideline
3.1.1, evidence grade 1C), whereas in children, it is sug-
gested that monitoring is begun in CKD G2 (evidence grade
2D) [1]. No further specification is made about the type
of PTH and/or AP with the exception of Guideline 3.2.3
(Table 1). In today’s clinical practice, second-generation
iPTH assays are the most widely used. The KDOQI guide-
lines [31] recommended the “classical” 150-300 pg/ml as

the desirable iPTH concentration in CKD G5D patients,
based on measurements using the old iPTH Nichols® Alle-
gro immunoradiometric assay. However, this assay is no
longer commercially available, and many recent studies
report a very significant variability between the currently
available “generic” iPTH kits and the Nichols® Allegro
assay, as well as among the “generic” iPTH assays them-
selves [46]. Nevertheless, iPTH levels in this range have
also been associated with improved survival [47, 48]. Impor-
tantly, comparison of bone histologic changes at similar
levels of PTH has shown over- or underestimation of bone
turnover with the use of current iPTH assays. Moreover, a
significant number of patients had histologic signs of low-
turnover bone disease while having serum iPTH levels above
the classical 300 pg/ml. This is why the 2009 and 2017
KDIGO guidelines suggest the use of values “X” times nor-
mal (e.g., 2X-9X for CKD G5D patients), instead of abso-
lute values [1]. These “more extreme” values obviously not
only improve the predictive value of bone findings but they
are also associated with increased mortality; therefore, they
are considered to represent “extremes of risk” [1]. In order to
increase the predictive value of PTH measurements for bone
turnover, results from the PTH 1-84 assay (“whole” PTH)
have been published, but the available data do not allow one
to conclude that there have been substantial improvements
[42]. Calculation of a PTH ratio between the level of PTH
1-84 and the level of carboxy-terminal PTH fragments has
also been reported to be of potential value [49]. Levels of
carboxy-terminal fragments are calculated by subtracting
the measured value of “whole” PTH 1-84 from the iPTH
level. It has been reported that this PTH ratio may improve
the assessment of bone turnover [39] and may be helpful in
diagnosing both low and high bone turnover, at least in black
CKD GS5D patients, whereas it aids only in the diagnosis
of low bone turnover in CKD G5D whites [49]. A racial
distinction between the bone phenotype and iPTH had been
described previously, with low-turnover bone disease being
more prevalent in Afro-American dialysis patients for the

Table 1 2017 KDIGO guidelines for the diagnosis of CKD-MBD: bone [1]

Guideline  Text Evidence
(GRADE
system)

3.2.1 In patients with CKD G3a-G5D with evidence of CKD-MBD and/or risk factors for osteoporosis, we suggest BMD 2B

testing to assess fracture risk if results will impact treatment decisions

322 In patients with CKD G3a-G5D, it is reasonable to perform a bone biopsy if knowledge of the type of renal osteodys-  Not graded

trophy will impact treatment decisions

323 In patients with CKD G3a-G5D, we suggest that measurements of serum PTH or bone-specific alkaline phosphatase 2B

can be used to evaluate bone disease because markedly high or low values predict underlying bone turnover
324 In patients with CKD G3a-G5D, we suggest NOT TO routinely measure bone-derived turnover markers of collagen 2C

synthesis (such as procollagen type 1 C-terminal propeptide) and breakdown (such as type I collagen cross-linked

telopeptide, cross laps, pyridinoline, or deoxypyridinoline)
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same value of PTH [50, 51]. Only limited clinically relevant
data are as yet available on the newly described oxidized
PTH [52].

In summary, measuring PTH and paying adequate atten-
tion to a marker that is truly of bone source makes sense
[34], especially considering the potential use of antiresorp-
tive agents. In addition, all antiparathyroid agents (vitamin
D derivatives and/or calcimimetics) effectively lower APs
by ameliorating high bone turnover but they could theo-
retically induce ABD [37]. The conflicting information on
the use of biomarkers to predict underlying bone histology
is also unsurprising given the short half-lives of most of
the circulating biomarkers and the long (3—6 months) bone
remodeling (turnover) cycle [1]. Thus, although neither
PTH nor BSAP alone or both in combination is sufficiently
robust to diagnose high, normal, or low bone turnover in an
individual patient, the current KDIGO guidelines suggest
that, in patients with CKD G3a-5D, measurements of serum
PTH or BSAP can be used to evaluate bone disease because
markedly high or low values predict underlying bone turno-
ver (Table 1). Despite all these described controversies [53,
54], serum PTH levels are considered one of the most useful
biomarkers in the diagnosis of ROD and an important treat-
ment target [34, 53]. Moreover, there is general agreement
that low PTH levels (i.e., < 2X the upper limit of normality
for the assay) are associated with ABD (and its potential
complications) in dialysis patients [1, 18, 55], and that PTH
levels should not be >9X the upper limit of normality for
the assay in dialysis patients because such levels indicate not
only a higher probability of a high-turnover bone disease but
also a potential “extreme of risk” for death [1]. Therefore, in
agreement with guidelines [1, 18, 20], PTH trends between
2X and 9X (in dialysis patients) should also be considered,
rather than reacting to each individual iPTH values.

If CKD-MBD laboratory parameters are reasonably under
control, and bearing in mind that osteoporosis medications
are considered to improve an unacceptable high risk of
fracture, the new guidelines and consensus consider that a
bone biopsy is no longer mandatory though it remains an
option [1, 18, 20]. It is generally accepted that ABD should
be reasonably excluded before antiresorptive treatments
are prescribed [1, 11, 15-20], although the implications of
drug-induced suppression of bone turnover for bone strength
and bone material properties are intensely debated [20]. It
also remains a matter of debate whether low-turnover bone
disease per se or the disease-causing low bone turnover
accounts for the perceived increased fracture risk [20]. While
studies in patients with CKD have not definitively demon-
strated that bisphosphonates or denosumab cause clinically
significant ABD [1], it remains prudent to use these drugs
with caution since ABD is increasing in prevalence [55].
This observation is attributable to various factors [55] and is
at least partially explained by the higher number of diabetic
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patients, the more frequent initiation of dialysis therapy in
the elderly, and probably the excessive use of antiparathy-
roid medications that lower bone turnover. Interestingly, a
low AP level is associated with greater survival, a finding
that appears to question the harmfulness of ABD [35]. It is
of note that direct PTH-independent anabolic effects have
recently been described for calcimimetics [56, 57]. Interest-
ingly, PTH is a known critical regulator of skeletal devel-
opment that promotes both bone formation (i.e., in pulses)
and bone resorption (as in chronic hyperparathyroidism),
and it was recently shown in microbiota-depleted female
mice that microbiota are required for PTH to stimulate bone
formation and increase bone mass [58]. Microbiota depletion
lowered the levels of butyrate, a metabolite responsible for
gut-bone communication [58]. Reestablishment of physi-
ologic levels of butyrate restored PTH-induced anabolism
via T-cell-dependent stimulated activation of the osteogenic
Whnt-dependent bone formation pathway [58].

Other Bone Biomarkers

There are several other commercially available serum bio-
markers of bone activity (bone formation or bone resorption)
(Table 2). However, it is beyond the scope of this review
to comprehensively analyze them, especially considering
that current Nephrology guidelines do not recommend their
measurement in patients with CKD G3a-G5D (Table 1) [1].
This is because many biomarkers are significantly affected
by renal function (Table 2), and also, as mentioned previ-
ously, because of the scarcity of available data, their lack of
homogeneity, and the distinct prevalence of low- vs high-
turnover bone disease in different cohorts. It is also to be
noted that the presence of CKD may go unnoticed if only
serum creatinine (not eGFR) is considered, especially in thin
elderly women with a low muscular mass. Nevertheless, we
will briefly mention some of their main characteristics; for
further information, we encourage interested readers to con-
sult recent reviews on these biochemical markers [20, 27,
42, 59-62], including their relationship with PTH and other
aspects of the CKD-MBD complex [34, 42, 63, 64].

The protein matrix of bone consists to a large extent
(85%) of collagen-1 [34]. Collagen-1 is formed by osteo-
blasts as procollagen-1 and, on maturation, both the N-ter-
minal and C-terminal endings are cleaved. The small cleav-
age fragments, procollagen type 1 N-terminal propeptide
(P1INP), and procollagen type 1 C-terminal propeptide
(P1CP), are detectable in the circulation and are there-
fore indicative of the formation rate of collagen [27, 62].
The only potentially reliable assay in patients with CKD
is the intact PINP because it detects the trimeric form as
opposed to the CKD-accumulating monomeric form and is
not affected by either GFR or dialysis [27, 42, 65]. P1CP, in
particular, has a short half-life, and therefore, PN1P is the
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Table 2 Serum bone turnover biomarkers (adapted from RN Moorthi and SM Moe [59])

Biomarker

Common acronym Renal clearance

Without renal clearance®

Bone formation
Total alkaline phosphatase
Bone-specific alkaline phosphatase
Procollagen type 1 N-terminal propeptide®
Bone resorption
Tartrate-resistant acid phosphatase 5b
With renal clearance®
Bone formation
Osteocalcin
Procollagen type 1 N-terminal propeptide
Procollagen type 1 C-terminal propeptide
Bone Resorption
Carboxy-terminal cross-linking telopeptide of type 1 collagen®
Amino-terminal cross-linking telopeptide of type 1 collagen

Cross-linked carboxyterminal telopeptide of type 1 collagen (generated by

matrix metalloproteinases)

tAP, TAP, AP, ALP No*

BSAP, bAP, BAP, BALP No

Intact PINP, PINP No (intact PNP1)
TRAPS5b, TRACP-5b No

OC, BGP, BGlaP, Yes

PINP, PINP Yes (total PINP)
P1CP, PICP Yes

CTX, CTX-1, CTX-I Yes

NTX Yes

ICTP o CTX-MMP Yes

*Main source of interference is hepatic or cholestatic disease

#Biomarker levels will or will not be dependent on renal function (i.e., estimated glomerular filtration rate)

“The International Osteoporosis Foundation recommends that levels of serum PINP and CTX be used as reference markers (standards for bone
formation and resorption, respectively) to predict fracture risk and to monitor osteoporosis therapy in observational and interventional studies in
the general population. However, this obviously does not apply to the CKD and dialysis population since renal function affects their levels and
their use must take specific considerations into account [42]. It remains to be seen whether trends in patients with stable renal function may pro-

vide useful clinical information, as in the general population

bone formation marker recommended in the general popula-
tion (Table 2). PINP recently performed worse than iPTH or
BSAP in distinguishing between low- and non-low-turnover
bone disease and had no additional value over iPTH for diag-
nosing high-turnover bone disease; however, fotal PINP was
used in that study [27, 38]. Interestingly, in another pre-
vious study, serum levels of intact PINP were correlated
with PTH, BSAP, osteocalcin, and bone resorption markers
(see below) [66], and a negative correlation was described
with annual changes in distal radius BMD in hemodialysis
patients [66]. More recently, higher levels of PINP were
associated with higher odds of fracture as compared with
levels in the lowest tertile, even after adjustment for femoral
neck T-score, in predialysis CKD [67].

Bone-derived osteocalcin, the most abundant non-colla-
genous protein of bone, has poor specificity in the diagnosis
of ROD, in part because it is broken down after 3—6 months,
the release into the circulation of multiple osteocalcin frag-
ments and the renal clearance of the molecule [30]. Moreo-
ver, osteocalcin (also known as bone Gla protein or BGP)
exists in various carboxylation (vitamin K dependent) and
phosphorylation states (similarly to the tissue calcification
inhibitor matrix Gla protein or MGP) which can be dis-
tinguished only with dedicated assays [11, 42]. Vitamin
K availability is additionally affected in CKD patients,

impacting on the clinical value of osteocalcin as a bone
turnover marker, especially compared with others [27, 68].
It also needs to be considered that PTH and vitamin D are
renowned promoters of osteocalcin synthesis by osteoblasts
[42]. Renewed interest in osteocalcin is also attributable to
its association with glucose and energy metabolism, as well
as newly described associations with decreased bone mass
and/or fractures [10, 42, 67, 69].

On the other hand, lysosomal enzymes derived from oste-
oclasts (including TRAPs and cathepsin K) are responsible
for breakdown of the collagenous bone matrix at specific
sites. Resultant products such as carboxy-terminal crosslink-
ing telopeptide of type 1 collagen (CTX) are considered
reference markers for bone resorption in the general pop-
ulation [62] but are highly dependent on kidney function
for their removal from the circulation; therefore, the use of
CTX cannot be recommended in patients with CKD [26, 41].
Bone biopsy studies in CKD patients exploring the utility
of CTX are limited and overall have yielded disappointing
results [60]. However, it remains to be seen whether trends
in patients with stable renal function, especially in early
stages of CKD, may provide useful clinical information, as
in the general population. On the other hand, measurement
of N-terminal telopeptide collagen (NTX) (as well as pyri-
doline and the related deoxypyridoline cross-links) in urine
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is obviously unreliable in patients with CKD. Finally, it is
worth mentioning that osteoclast-derived TRAPSb (tar-
trate resistant acid phosphatase 5Sb—the adjective acid indi-
cates that its optimal activity occurs in acidic conditions, as
might be expected for a bone resorption-related enzyme) is
strongly associated with both the number and the size of the
osteoclast-like cells and is not affected by either renal func-
tion or dialysis [70, 71]; it thus represents a good candidate
biomarker for bone resorption in patients with CKD. Serum
levels of TRAP5b have been found to correlate strongly with
histomorphometric parameters of bone resorption and with
the rate of cortical bone loss in dialysis patients [71, 72].
Low TRAPSD levels could be of value for the recognition
of ABD, and this could help explain the predictive role of
TRAPS5D in respect of cardiovascular events in patients with
CKD G1-G5 who were followed up for 4 years (OR 0.86;
95% confidence interval 0.75-0.99; p=0.04) [73]. However,
in this same study, higher levels of BSAP were reported to
be related to cardiovascular events (OR 1.01; 95% confi-
dence interval 1.01-1.02; p=0.03) [73]. Moreover, in 82
patients with predialysis CKD G3-GS5, 23 of whom had
prevalent fractures, the highest tertile of not only formation
markers (as measured by the previously mentioned P1NP)
but also resorption markers (as measured by TRAP5b) were
positively and independently associated with higher odds of
prevalent fractures as compared with levels in the lowest ter-
tile [67]. Compared with the DXA T-score alone, combina-
tion of the highest tertile of PINP or TRAP5b with the DXA
T-score at the femoral neck was found to result in improved
discrimination of those with a prior fracture [67]. One pos-
sible explanation for the rather limited use of TRAP5b in
CKD is that the available assays are still not entirely specific
for bone TRAPSD, and therefore, development of more spe-
cific monoclonal antibodies will be welcome [42].

With regard to regulators of bone remodeling, fibroblast
growth factor-23 (FGF23) levels have been found to be
inversely correlated with both static and dynamic indices
of osteoid mineralization in CKD G5D, but more studies
are needed to confirm FGF23 as a marker of mineralization
or bone remodeling [74]. It has been reported that FGF23
is a suppressor of non-specific AP transcription via the
FGF receptor-3 (FGFR3) signaling, leading to inhibition
of mineralization through accumulation of the AP substrate
pyrophosphate [75]. FGF23 may thereby link local min-
eral needs with regulation at the level of the kidney and/
or intestine [74]. However, FGF23 levels are affected by
many factors beyond bone metabolism, and many renal and
extrarenal effects have been attributed to FGF23 [10, 76].
Sclerostin and Dickkopf-1 (Dkk-1) are soluble inhibitors of
the canonical wingless-type mouse mammary tumor virus
integration site (Wnt)/p-catenin signaling pathway and also
components of the PTH signal transduction. Wnt-signal-
ing activation reduces osteoblast and osteoclast apoptosis,
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induces osteoblastogenesis, and inhibits osteoclastogenesis
[77]. These actions result in a subsequent increase in bone
formation and BMD and may be crucial in CKD-MBD
pathogenesis, but these markers are far from being clini-
cally valuable as surrogates for bone fragility [78—81]. Thus,
sclerostin has been positively associated with BMD in older
men and patients with advanced CKD, including those
receiving maintenance hemodialysis or peritoneal dialysis
[82-85]. This positive association between sclerostin and
BMD is not well explained by the BMD-lowering effects of
sclerostin, which have been demonstrated by interventional
studies demonstrating a lower risk of vertebral fractures in
postmenopausal women with osteoporosis after antagoniz-
ing sclerostin with romosozumab [86]. CKD-MBD is a com-
plex disease condition in which sclerostin antibodies may
interfere at different levels and distinctly influence the rela-
tionship among secondary hyperparathyroidism, ROD, and/
or vascular calcification, “but the clinical sequelae remain
obscure” [87]. Moreover, CKD is closely associated with
cardiovascular disease [10, 11], and warnings have been
issued even regarding the indication for romosozumab in
the general population. Of note, sclerostin was also reported
to be superior to iPTH for the positive prediction of high
bone turnover and number of osteoblasts. In contrast, iPTH
was superior to sclerostin for the negative prediction of high
bone turnover and had similar predictive values to sclerostin
for the number of osteoblasts [79]. Opposite results have also
been described [74]. Serum levels of Dkk-1 have been found
not to correlate with iPTH or with any histomorphometric
parameter [79]. It remains to be determined whether a ratio
between markers of the anabolic PTH-Wnt pathway and the
inhibitory sclerostin-Wnt pathway could be clinically useful.
In fact, increased inhibitors can oppose the action of PTH
already in early CKD [88, 89], as well as contribute to the
well-known CKD-induced multifactorial skeletal resistance
(also recently called hyporesponsiveness) to PTH in CKD
[90].

Interestingly, many of these markers were recently
evaluated in patients with different stages of CKD [74].
Bone expression of sclerostin and PTHR1 seemed to be
increased in earlier stages of CKD, whereas phosphoryl-
ated p-catenin showed increased expression in the late
stages of CKD [74]; however, levels of all these proteins
were elevated relative to those in healthy individuals.
Moreover, these authors also showed that FGF23 and
sclerostin did not co-localize, suggesting that distinct
osteocytes in different areas of the trabecular bone pro-
duce these proteins [74]. It is to be noted that changes in
circulating biomarkers after kidney transplantation could
not be easily extrapolated to concomitant changes occur-
ring in the bone [74]. In summary, results with these bio-
markers encourage new directions for clinical research, but
their utility is not firmly established [81].
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Finally, it seems that in CKD, the receptor activator of
nuclear factor-kB (RANK)/receptor activator of nuclear
factor-xB ligand (RANKL)/osteoprotegerin (OPG) system,
which is essential for the coupled activity of osteoblasts and
osteoclasts and is involved critically with bone remodeling
and mass, is more closely linked with CKD-associated car-
diovascular disease than with bone disease [42]. The impor-
tance of the SIBLING (Small Integrin-Binding Ligand
N-linked Glycoprotein) family of proteins for skeletal
mineralization and bone remodeling in CKD remains to be
explored [42, 91]. These proteins are in some ways related
to FGF23 and may represent a novel bone-renal pathway
impacting not only on bone formation and mineralization but
also on renal phosphate homeostasis and energy metabolism
[92]. Similarly, Sirtuin 1 (SIRT1) has been implicated in a
number of cellular processes which constitute a common
denominator of chronic diseases and aging. Thus, the activa-
tion of SIRT1 has also become a potential novel therapeutic
target to improve the clinical outcome in patients with CKD
[93]. In this regard, SIRT1 has recently been described as
a positive regulator of the master osteoblast transcription
factor RUNX2 [94]. All these new pathways may become
relevant for the development of therapies for a number of
diseases, including CKD, ROD, and CKD-MBD [92, 93].

Taking into account all this information, the previously
mentioned European Consensus Statement on the diagnosis
and management of osteoporosis in CKD stages 4-5D [20],
stated that (a) non-kidney-retained bone turnover markers,
such as BSAP, intact PINP and TRAP5b, should be prefer-
entially monitored in CKD patients; and (b) monitoring of
these markers may provide information on the early thera-
peutic response or the need for reintroduction of potential
treatments after therapy withdrawal. These biomarkers
should preferentially be used in the setting of CKD, espe-
cially in patients with non-stable kidney function [20, 60].
It is also stated that these non-kidney-retained bone turnover
markers, especially BSAP, may be useful for fracture risk
prediction in CKD G4-G5D, though this awaits confirmation
[20]. A variety of other molecules and the emerging role of
microRNAs in bone remodeling [95] might also be of inter-
est in CKD, but their use still needs further investigation
across the different CKD stages and distinct bone turnover
status.

Imaging

In contrast to histomorphometry or circulating biomark-
ers, imaging techniques are not capable of measuring bone
turnover; on the other hand, biomarkers do not offer infor-
mation about other features of bone, such as mineralization,
geometry, connectivity, and cross-linking, which also deter-
mine bone strength and are clearly affected by CKD. In this

context, combined information and longitudinal follow-up
may be helpful in risk categorization and decision making.

Dual-Energy X-ray Absorptiometry

Dual-energy X-ray absorptiometry (DXA) is the most
widely used non-invasive technique for measuring BMD in
the general population [15]. Low BMD on DXA is a robust
and consistent risk factor for fracture, and treatments that
increase BMD usually reduce fracture risk [15]. Thus, the
2017 updated KDIGO CKD-MBD guideline changed gear
as compared to the previous 2009 KDIGO guideline and
KDIGO now supports the use of DXA to assess fracture risk
in patients with CKD G1-G2, insofar as it recommends that
management of these patients with osteoporosis and/or high
risk of fracture, as identified by the World Health Organiza-
tion (WHO) criteria, should be as for the general population
(Guideline 4.3.1, evidence grade 1A). In patients with CKD
G3a-G3b with PTH in the normal range and osteoporosis
and/or high risk of fracture, it is suggested that treatment
should be as for the general population (Guideline 4.3.2,
evidence grade 2B). The main reason behind this significant
change is that multiple new prospective studies have now
documented that lower BMD assessed by DXA does predict
incident fractures across the spectrum from CKD3a to G5D
as well as in transplant patients [1, 15, 61, 96-99]. BMD was
also found to predict fractures in the recent Regina CKD-
MBD study [100]. Moreover, as mentioned previously, the
inability to perform a bone biopsy may not justify with-
holding antiresorptive therapy from patients at high risk
of fractures [1, 11, 14, 18, 20]. Consequently, considering
that CKD patients are at high risk of fracture, these changes
have also been recently endorsed by the previously men-
tioned European Consensus Statement [20], which states
that DXA testing may now be considered even in patients
with CKD G4-G5D, at least in postmenopausal women or
men > 50 years of age [20].

Nevertheless, DXA does not correlate with bone histo-
morphometry or provide information on bone microarchitec-
ture, nor does it properly assess bone compartments (cortical
vs trabecular bone) even though it allows valid assessment
of cortical bone at the ultradistal radius. With respect to
this location, however, one should be aware of operator-
dependent variability and potential bias by arteriovenous
fistula [20]. The inability of DXA to indicate the histologic
type of bone disease (mainly to discriminate among high-,
normal-, and low-turnover bone disease) sometimes makes
it difficult to reach clear-cut therapeutic decisions. As a mat-
ter of fact, BMD only provides information on the quantity
(g/cm?) and not the quality (structure and composition) of
bone. In other words, DXA is promising in terms of its abil-
ity to non-invasively quantify some components of ROD
(such as combined bone volume and mineralization) and is
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proven to assist in fracture prediction even in patients with
CKD, but it does not provide information on the important
bone turnover and thereby the underlying type of ROD.
Nevertheless, DXA is inexpensive, is widely available, uses
minimal radiation, is easily standardized across sites, and
has good reproducibility and reliable reference ranges for
age, gender, and race [59, 101].

Currently, the DXA-derived assessment of the tra-
becular bone score (TBS) may help in providing some
information on bone architecture, even in dialysis patients,
partially correcting the calculation of the absolute 10-year
fracture risk [102]. TBS is a novel tool using a gray-level
textural index derived by an algorithm that analyzes the
special organization of pixel intensity from lumbar spine
DXA images to assess trabecular bone microarchitecture
[81]. Some but not all studies in patients with CKD sug-
gest that TBS may be helpful in assessment of fracture
risk [103—-105]. Importantly, even in multivariate analysis,
TBS remained an independent predictor of trabecular bone
volume (BV/TV) and trabecular width measured by bone
biopsy in CKD patients [106]. Therefore, DXA may also

be a good tool for the serial assessment of BMD (and/or
TBS) in response to interventions, although much infor-
mation is still lacking. It is also important to know that
TBS response to pharmacological interventions is lower
than that of BMD. During BMD assessment by DXA, the
diagnosis of vertebral fractures could also be improved
by quantitative vertebral morphometry or vertebral frac-
ture assessment (VFA) [20, 107, 108]. Whenever possi-
ble, VFA is especially recommended when the T-score
is < — 1.0 and if one or more of the following is present:
age > 70 years in women or > 80 years in men, historical
height loss >4 cm, kyphosis, self-reported but undocu-
mented vertebral fracture, or recent or current long-term
glucocorticoid therapy (equivalent to > 5 mg of prednisone
or equivalent per day >3 months) [20]. Of note, the use of
specific 3D-DXA software in conventional densitometers
may also help in the analysis of structural parameters of
cortical bone (i.e., vVBMD and cortical thickness), as has
been demonstrated in primary hyperparathyroidism [109].
Other novel imaging techniques provide information about
bone guality and/or architecture (Table 3), but there is a

Table 3 Techniques to measure different bone parameters (adapted from Moorthi and Moe [59])

Parameter

Technique

Total bone mineral density
Cortical and trabecular bone density

Bone turnover

Microarchitecture

Matrix composition

Mineralization

Microfractures

Other

DXA
Quantitative CT, peripheral QCT

Biomarkers (PTH, tAP, BSAP, etc.)

Ratio biomarkers of PTH pathway/Wnt-pathway?
Histomorphometry*

HR-peripheral QCT, HR-MRI

Micro-CT, Micro-MRI*#

Synchrotron radiation microtomography**
Synchrotron radiation phase-contrast nano-CT**
Histomorphometry*

Raman spectroscopy and Fourier transform infrared spectroscopy**
Synchrotron radiation microtomography**

Synchrotron radiation phase-contrast nano-CT**

Atomic force microscopy (collagen morphology)**

Histomorphometry*

Quantitative back-scattered electron imaging**
Spectroscopy**

Synchrotron radiation microtomography**
Synchrotron radiation phase-contrast nano-CT**

Confocal microscopy**
Histology

“Superscans” in patients with renal osteodystrophy have been
described with *™Tc-scintigraphy and '*F-fluorodeoxyglucose
(FDG) positron emission tomography/computed tomography (PET/
CT) scans***

DXA Dual-energy X-ray absorptiometry; CTcomputerized tomography; QCT quantitative computed tomography; HR high resolution; MRI mag-

netic resonance imaging

*Bone histomorphometry findings provide tissue-level evidence of changes in turnover, mineralization, and volume according to the TMV clas-

sification scheme [1, 9, 59]
**Used in experimental studies
##%In Ref. [4] and [110]
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lack of standardization and data to validate their ability to
predict fracture risk in CKD.

In summary, DXA measurement is inexpensive and
widely available, and predicts the risk of fractures in CKD
patients in a comparable way to risk prediction in the gen-
eral population. However, DXA alone cannot estimate the
severity or the degree of bone turnover in CKD. Similar
BMD values can be observed in low- and in high-turnover
bone disease. DXA-derived TBS and/or VFA may also be
helpful in the assessment of fracture risk. In addition, it is
worth mentioning that repeat DXA provides information on
the long-term treatment effect on BMD. The time interval
when treatment effect can be detected may vary depending
on the treatment modality and underlying type of ROD [20].

Quantitative Computerized Tomography
and Peripheral Quantitative Computerized
Tomography

Quantitative computerized tomography (QCT) and periph-
eral quantitative computerized tomography (pQCT) allow
3D imaging of cross sections of the central and axial skel-
eton (QCT) or tibia and distal radius (pQCT) in order to
provide volumetric BMD (as opposed to areal BMD for
DXA). They also allow distinction between the cortical and
the trabecular compartment, and the calculation of some bio-
chemical parameters related to bone resistance.

In CKD patients, QCT measurements at the spine have
been correlated with histomorphometry and prediction
of vertebral fractures [111]. Vertebral bone density has
repeatedly been shown to be associated with coronary
artery calcification and even to be an independent pre-
dictor of poor outcomes, linking osteoporosis with ath-
erosclerosis [112, 113]. pQCT parameters were signifi-
cantly associated with the probability of a fracture [114].
Newly developed high-resolution (HR) pQCT (HR-pQCT)
[resolution =100 um (82 um?) vs QCT=0.5 mm] allows
the evaluation of bone geometry and microarchitecture
(trabecular thickness, separation, number, etc.) in addi-
tion to the measurements provided by QCT and pQCT.
However, use of HR-pQCT is limited to research cent-
ers, and an additive value over available biomarkers or
even DXA has not been proven. For example, HR-pQCT
did not demonstrate a better performance than DXA in
terms of fracture prediction in patients with CKD G3-G5
after 2 years of follow-up [98]. In this study, bone loss
occurred in all participants but was significantly greater
among those with incident fractures. Low BMD (on both
DXA and radial HR-pQCT) and a greater annualized per-
centage decrease in BMD were found to be risk factors for
subsequent fracture in men and women with non-dialysis
CKD [98]. Similar findings were previously described
elsewhere [115]. In patients with CKD G2-G4, HR-pQCT

showed early impairment of trabecular bone before the
onset of secondary hyperparathyroidism, at least partially
explaining the high risk of fractures not only in patients
with early CKD but also in those with a long history of
CKD [116, 117]. In other more recent studies, HR-pQCT
showed significant differences in bone microstructure in
men with CKD G4 vs CKD G3, influenced by hormo-
nal changes and body composition [118], and HR-pQCT
findings were in agreement with bone biopsy parameters
and provided some uncertain clues on the turnover status
through measurements of cortical density at the radius
together with biochemical parameters [119]. Interest-
ingly, the biomarkers BSAP, intact PINP, and TRAPS5b
(AUROC=0.82, 0.79, and 0.80, respectively) and radius
HR-pQCT parameters (total volumetric BMD and cortical
bone volume; AUROC =0.81 and 0.80, respectively) were
recently found to be able to discriminate low- from non-
low bone turnover, whereas iPTH discriminated high bone
turnover (AUROC =0.76), with an accuracy similar to that
of the other biomarkers, including CTX [120]. These data
confirm that the quest to find better biomarkers of turnover
or a panel thereof in CKD patients is far from over, and it
even has been recently challenged [60, 121, 122].

In summary, pQCT and HR-pQCT provide better spatial
resolution of bone microarchitecture than other techniques.
They accurately differentiate trabecular from cortical bone
in metabolic bone disorders with a lower radiation dose.
Tibial HR-pQCT already predicts relatively well the risk of
fractures in patients with early CKD.

Magnetic Resonance Imaging

High-resolution magnetic resonance imaging (HR-MRI)
also allows 3D-imaging of the bone geometry and trabec-
ular architecture at peripheral sites but without ionizing
radiation. For example, using AUROC analysis, the high-
est diagnostic performance was found for a combination of
BMD and architecture measures in a small cohort of kidney
transplant patients [123]. On the other hand, micro-MRI
is a technique with an excellent spatial resolution, almost
similar to an actual bone biopsy [59]. For example, disrup-
tions of the distal tibial trabecular network were described in
hemodialysis patients with secondary hyperparathyroidism
as compared with controls [124].

In summary, although HR-MRI does not use ionizing
radiation, it has largely been replaced by HR-pQCT due to
the complicated nature of the scanning equipment, which is
not routinely available. In the future, HR-MRI may help in
characterizing functional aspects of cortical and trabecular
bone as well as bone marrow, beyond the mineralized com-
ponent. It may also assist in quantifying cortical water and
collagen content and quality in CKD.
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Conclusions and Perspectives

Although current guidelines consider that the inability to
perform a bone biopsy may not justify withholding antire-
sorptive therapy from patients at high risk of fracture [1,
14, 16-18, 20], they also conclude that in patients with
CKD G3a-5D, it is reasonable to perform a bone biopsy
if knowledge of the type of ROD will impact treatment
decisions (Guideline 3.2.2; not graded) [1]. A bone biopsy
should also be considered in patients with unexplained
fractures, refractory hypercalcemia, suspicion of osteo-
malacia, an atypical response to standard therapies for
elevated PTH, or progressive decreases in BMD despite
therapies [1]. Discrepancies between, for instance, serum
PTH and BSAP levels are uncommon and reflect an uncou-
pling between bone resorption and formation, but in some
patients, they may be found beyond hyporesponsiveness
to PTH in CKD [4, 28, 90, 125, 126]. The clinical value
of the much less invasive measurement of the bone mate-
rial strength index (BMSi) [127] in vivo with the impact
microindentation system (Osteoprobe®) remains to be fur-
ther evaluated in CKD and/or kidney transplant patients
[127, 128].

In conclusion, (a) the available biochemical markers are
limited, (b) even a reliable estimate of turnover would not
indicate changes in bone balance, (¢) harmonization and
standardization of available assays are needed, in conjunc-
tion with bone biopsy studies, and (d) fracture risk is also
dependent on bone features that cannot be assessed by
biomarkers or even by bone histomorphometry. Neverthe-
less, it is important to stress that recent analyses show that
PTH is still currently the most useful surrogate biomarker
for bone histology in CKD, while also implementing APs
and identifying new biomarkers and/or panels of bone
formation/resorption markers of potential clinical value
[20, 53, 54, 81]. This is the case despite the existence of
some ongoing controversies involving renowned experts
[53, 54]. We also agree with the 2017 KDIGO guidelines
regarding the use of trends (e.g., in serum iPTH levels)
rather than individual values when making decisions on
whether to start or stop antiparathyroid treatments [1].
Revised guidelines have now included the term persistently
above the upper normal PTH level as well as progressively
rising PTH level, rather than above the upper normal limit
for the assay [1, 18]. Moreover, some guidelines underline
that PTH levels should not be normalized with antipar-
athyroid treatments in patients with CKD once modifiable
factors (e.g., hyperphosphatemia, high phosphate intake,
vitamin D deficiency) are corrected [1, 18]. At least initial
increments in PTH play an adaptive role; however, it may
not be reasonable to reserve the use of antiparathyroid
agents only for patients in whom severe and progressive
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hyperparathyroidism is present [18]. Future treatments
should probably aim to overcome hormone resistance in
CKD [90]. If osteoporosis medications are considered to
decrease the risk of fracture, a bone biopsy is no longer
mandatory, but ABD should be reasonably excluded before
antiresorptive treatments are prescribed [11, 15, 17-20].
Ultimately, the optimal diagnostic strategy for ROD will
probably be the combination of several biomarkers with
imaging techniques (gender and race specific), with the
new goal of predicting fracture risk and optimizing ther-
apy/bone turnover [20, 59, 60]. Moreover, one must not
forget that BMD assessment by DXA reflects bone loss
accumulated over a period of years, whereas biochemical
markers reflect acute changes in bone metabolism and as
such may be less convenient as risk markers and serve dif-
ferent purposes [20, 60, 61]. Several diagnostic and treat-
ment algorithms based on non-invasive methods, which
at least partially limit the need for bone biopsies, have
already been published [81, 129, 130]. Finally, it is to be
emphasized that reduction in fractures, not improvement
in biomarkers and/or DXA results, is the real end-point
for approval of new therapeutics for osteoporosis [26].
It remains to be seen in prospective multi-ethnic studies
whether these “old” or new bone biomarkers will increase
the diagnostic accuracy of imaging techniques for identi-
fication of patients with CKD at high risk for fracture or
significant bone disease, and whether they are useful for
decision making.

Meanwhile, many consider that it is time for action [14,
17, 18, 77]. Moreover, the previously mentioned European
Consensus Statement in CKD patients aims to stimulate
a cohesive approach to the management of these patients
in order to reduce current variations in care and treatment
nihilism [20]. Nevertheless, considering that information on
many aspects is still scarce, especially in advanced CKD and
dialysis patients, it would be an advisable approach to share
risks and benefits with the patient [20]. Formal informed
consent has been suggested and may be required when con-
sidering off-label use [20]. Especially in view of the current
emphasis on patient-centered, individualized management
scenarios [131], we need to recognize our certainly limited
ability to impose or base certain treatment decisions only
on our current non-comprehensive knowledge [132, 133].
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