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Before You Start: Facts You Need to Know

e After 60 years of use, the term “renal osteo-
dystrophy” was changed to “chronic kidney
disease—mineral and bone disorders”
(CKD-MBD).

e CKD-MBD group is a complex clinical syn-
drome including biochemical parameters and
other surrogated markers.

e “Renal osteodystrophy” is reserved to describe
the bone histological lesions.

e The key regulators of CKD-MBD are cal-
cium, phosphorus, PTH, FGF23/Klotho, and
the vitamin D hormonal system.

* The prevention and treatment of CKD-MBD
needs to be done integrating all the compo-
nents of the syndrome.
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16.1 Mineral and Bone Disorders
in CKD

16.1.1 General Aspects,
Epidemiology,
and Pathophysiology

In healthy individuals, kidneys regulate calcium
and phosphorus homeostasis modifying their
tubular resorption. Patients with CKD experience
a progressive compromise of the homeostatic
mechanisms, giving rise to different adaptive
changes in calcium, phosphorus, parathyroid hor-
mone (PTH), vitamin D, and fibroblast growth
factor 23 (FGF23)/Klotho levels. These elements
and hormones exert their effects on several tis-
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sues, but they act mainly on their principal tar-
gets: the bone, kidney, and intestine.

For six decades, the mineral and bone abnor-
malities of CKD patients were known as “renal
osteodystrophy.” However, in 2006, the new term
“chronic kidney disease—mineral and bone disor-
ders” (CKD-MBD) was proposed by KDIGO
guidelines (Box 16.1) to group and describe a
more ample and complex clinical syndrome
which includes not only biochemical and bone
histological abnormalities but also other bone
and cardiovascular complications such as frac-
tures and cardiovascular abnormalities occurring
in CKD patients. The term “renal osteodystro-
phy” was reserved to describe the bone abnor-
malities associated with CKD which require a
bone biopsy for the diagnosis. For the latter, a
new classification system was proposed based on
parameters of bone turnover, mineralization, and
volume (TMV) [1].

Box 16.1 Relevant Guidelines

1. KDIGO Guidelines.

(a) KDIGO clinical practice guideline
for the diagnosis, evaluation, pre-
vention, and treatment of chronic
kidney disease-mineral and bone
disorder (CKD-MBD). Kidney Int
Suppl. 2009;76(113):S1-130 [1].

(b) KDIGO 2012 clinical practice
guideline for the evaluation and
management of chronic kidney dis-
ease. Kidney Int Suppl.
2013;3(1):S1-150 [17].

(c) KDIGO 2017 Clinical Practice
Guideline Update for the Diagnosis,
Evaluation, Prevention, and
Treatment of Chronic Kidney
Disease-Mineral and Bone Disorder
(CKD-MBD). Kidney Int Suppl.
2017;7(1):1-59 [20].

2. KDOQI Guidelines.

(a) K/DOQI clinical practice guide-
lines for chronic kidney disease:
evaluation, classification, and strati-
fication. Am J Kidney Dis.
2002;39(2 Suppl 1):S1-266 [18].

3. Spanish
Guidelines.
(a) Spanish Society of Nephrology rec-

ommendations for controlling min-
eral and bone disorder in chronic
kidney disease patients
(S.EN.-M.B.D.). Nefrologia.
2011;31 Suppl 1:3-32 [19].

4. Japanese Society for Dialysis Therapy
Guidelines.

(a) Clinical practice guideline for the
management of chronic kidney
disease-mineral and bone disorder.
Ther Apher Dial. 2013;17(3):
247-88 [58].

Society of Nephrology

The mineral and endocrine functions dis-
rupted in CKD are critically important in the
regulation of bone modeling during growth and
bone remodeling during adulthood. These CKD-
MBD are found almost universally in patients
requiring dialysis but also in the majority of
patients in CKD stages 3-5. In recent years,
there has been an increased concern with the
non-skeletal calcification which increases early
in the course of CKD, due to the deranged min-
eral and bone metabolism, but it might also
occur as a result of therapies used to correct the
CKD-MBD themselves. Numerous cohort stud-
ies have shown associations between several
CKD-MBD, such as bone fractures, vascular
calcification, and cardiovascular disease with
increased mortality.

As mentioned, the key regulators of bone and
mineral metabolism are calcium, phosphorus,
PTH, FGF23, Klotho, and the vitamin D hor-
monal system [2]. Even though there is still
some debate concerning the chronology of
changes, it is currently accepted that the incre-
ments in FGF23 and the reduction of serum
Klotho are possibly the earliest events in the
pathogenesis of CKD-MBD; both factors favor
the reduction of 1-alpha-hydroxylase in the kid-
ney, which in turn results in low levels of the
active form of vitamin D (1,25-dihydroxyvita-
min Ds-[1,25(0OH),D;] or calcitriol), impairing
calcium absorption in the intestine favoring the
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Fig. 16.1 Interrelationships between calcium and phos-
phorus and their hormones, PTH, FGF23/Klotho, and cal-
citriol. The calcium ability to increase FGF23 and the low

reduction in serum calcium. The decrease in
serum calcium stimulates PTH synthesis and
release, which in turn increases bone turnover,
increases bone resorption, and stimulates
I-alpha-hydroxylase (see Fig. 16.1). All these
mechanisms lead to compensatory increases in
serum calcium [3].

In addition, in non-advanced phases of CKD,
the increments of FGF23 and PTH increase uri-
nary phosphorus excretion in order to avoid
phosphorus accumulation [3]. Despite FGF23
and PTH featuring synergic effects to increase
phosphorus excretion, both have opposite
effects on calcitriol synthesis: FGF23 inhibits
1-alpha-hydroxylase, decreasing calcitriol syn-
thesis, whereas PTH stimulates 1-alpha-hydrox-
ylase production, thus increasing calcitriol
synthesis (see Fig. 16.1). It has recently shown
that phosphorus could also exert its action via
calcium-sensing receptor (CaSR) [4]. FGF23
exerts its tubular effect binding to its Klotho co-
receptor and activating FGFR-1 and FGFR-3
receptors, while PTH does so by binding to its
specific receptor. Both increase phosphate
excretion by reducing apical abundance of
sodium-coupled cotransporters NaPi2a and

and high phosphorus to increase and, respectively,
decrease serum calcitriol are not shown in the figure

NaPi2c via both PKA- and PKC-dependent
pathways [5].

Both calcium and calcitriol act on the parathy-
roid cells through their specific receptors, the
CaSR and the vitamin D receptor (VDR), respec-
tively (see Fig. 16.1). While CaSR is a cell mem-
brane receptor member of the G protein-coupled
receptor family, VDR is a nuclear receptor that,
when bound to vitamin D, acts as a transcription
factor. The differences in the nature of the two
ligands and their receptors lead to two different
mechanisms of action with complementary func-
tions on the parathyroid cells.

On the one hand, small decreases in extracel-
lular calcium concentrations are rapidly sensed by
the CaSR, triggering within seconds or minutes
increments in PTH release. Small increases in cal-
cium are also sensed by the CaSR, yielding oppo-
site results. If the stimulus persists for longer
periods (hours, days), calcium is able to regulate
PTH synthesis post transcriptionally by modify-
ing the mRNA stability through differences in
binding of the parathyroid proteins to an element
in its 3’-untranslated region. As a result, the
decreases in serum calcium reduce mRNA degra-
dation by increasing its stability and the half-life
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Progression of Secondary Hyperparathyroidism

Fig. 16.2 Progression of secondary hyperparathyroid-
ism: Initially, the parathyroid glands respond by increas-
ing the number of secretory cells; this results in diffuse
hyperplasia of the gland where cell growth is polyclonal
and is accompanied by downregulation of CaSR, VDR,
and FGFR/Klotho. As CKD progresses to end-stage renal

of mRNA PTH. On the contrary, the active form
of vitamin D (calcitriol) acts at the transcriptional
level and inhibits PTH gene transcription result-
ing in a reduction of PTH synthesis [3].

When kidney function decreases, all these
complex and tightly interrelated mechanisms fail
to adequately control the mineral metabolism. As
a result, a progressive trend to reduce serum lev-
els of calcitriol and increase phosphorus and cal-
cium retention begins, ending at later stages of
CKD, despite the permanent and progressive
parathyroid hormone stimulation, in a manifest
incapacity to control the mineral metabolism. As
a result, in advanced stages of CKD-MBD,
patients show severe forms of secondary hyper-
parathyroidism with diffuse and nodular hyper-
plasia and a significant reduction in CaSR, VDR,
and FGFR/Klotho expression with a poor
response of the parathyroid glands to the effect of
calcium, VDR activators (VDRASs), and FGF23
(see Fig. 16.2) [2, 6].

Cross-sectional studies have shown the pat-
tern of abnormalities in serum calcium,

disease (CKD stage 5), parathyroid hyperplasia evolves
even further; monoclonal abnormalities lead to nodular
hyperplasia of the glands associated with significant
under-expression of CaSR, VDR, and FGFR/Klotho.
(Modified from Tominaga et al. [6], with permission from
John Wiley and Sons)

phosphorus, PTH, 25(OH)D; (calcidiol), and cal-
citriol at different stages of CKD. As Fig. 16.3
shows, serum calcium and phosphorus values did
not become abnormal until the glomerular filtra-
tion rate (GFR) fell around 30-40 mL/min. The
abnormalities progressively increase starting
from these values. By contrast, calcitriol started
to decrease early in the course of CKD (GFR
between 70 and 80 mL/min) and PTH increased a
bit later (GFR between 60 and 70 mL/min) (see
Fig. 16.3) [7].

Even though all the above discussed changes
lead to the stimulation of the parathyroid gland
and high bone turnover, the latter is not the most
frequent histological finding of renal osteodys-
trophy in CKD patients. Due to the combination
of several factors, such as aging, diabetes, and the
medical management of CKD-MBD (calcium
overload, high dose of VDRAs, aluminum salts),
throughout the recent decades, the more frequent
pattern of bone lesions has changed from high to
low bone turnover forms of renal osteodystrophy
(see Table 16.1, [8-14]). Recent studies also sug-
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Fig. 16.3 Prevalence of abnormal mineral metabolism in
CKD. (a) The prevalence of hyperparathyroidism, hypo-
calcemia, and hyperphosphoremia by GFR levels at
10 mL/min per 1.73 m? intervals. (b) Median values of

Table 16.1 Change in the pattern of renal osteodystro-
phy throughout the recent decades from high to low bone
turnover forms

High bone Low bone
turnover (%) turnover (%)
Lorenzo et al. [8] (Spain) 71 25
Moriniere et al. [9] 76 24
(France)
Sherrard et al. [10] (USA) 48 37
Hercz et al. [11] (USA) 50 50
Torres et al. [12] (Spain) 52 45
Ferreira et al. [13] 32 63
(Portugal)
Asci et al. [14] (Turkey) 23 73

gest that an early inhibition of the Wnt/Bcatenin
pathway may play a role in the pathogenesis of
low bone turnover [15, 16]. Despite high and low
bone turnover being quite different and also
opposite extremes of the CKD bone abnormali-
ties, they have been associated with similar clini-
cal outcomes, such as a higher prevalence of
vascular calcification and bone fragility fractures
leading to a higher mortality risk.

16.2 Diagnosis of CKD-MBD
16.2.1 Biochemical Abnormalities
The changes in the biochemical parameters of

CKD-MBD currently begin in CKD stage 3b, but
the rate of change and the severity of abnormalities

GFR level (ml/min)

1,25(0OH),D;, 25(0OH)D;, and intact PTH by GFR levels.
(Republished by permission from Macmillan Publishers
Ltd.: Levin et al. [7])

vary greatly among patients. Therefore, assess-
ment should begin in stages 2-3a, and the fre-
quency of assessments, the type and duration of
the identified abnormalities, the degree and rate of
change of GFR, and the concomitant therapy need
to be taken into account to adapt the frequency of
the assessments and the non-pharmacological and
pharmacological interventions.

The diagnosis of CKD-MBD includes the use
of laboratory testing of calcium, phosphorus,
PTH, calcidiol, alkaline phosphatase (ALP) (total
or bone specific), and the acid-base status
together with other serum and urinary parameters
used in the follow-up of patients with
CKD. Although much progress has been made in
the mechanisms involved in the role of FGF23/
Klotho, its usefulness in routine clinical practice
is still limited. The recommended frequency of
assessment of these biochemical markers is
detailed in Table 16.2 [1]. One important limita-
tion of the biochemical markers used to diagnose,
treat, and monitor CKD-MBD is the inter-assay
variability and other variations as well (postpran-
dial, diurnal, seasonal). The interpretation of val-
ues calls for the careful analysis of the type and
precision of the assay used in order to avoid over-
emphasizing the role of minimal or inconsistent
laboratory changes in the clinical decision-making
process. The importance of one single abnormal
value of any one bone and mineral serum bio-
chemical markers should not be determinant. By
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Table 16.2 What the guidelines say you should do? Serum calcium, phosphorus, and PTH measurement frequencies

according to CKD stages

Progressive CKD stage 3
Calcium and phosphorus 6—12 months
PTH and alkaline Baseline
phosphatases
Calcidiol Baseline

CKD stage 4 CKD stages 5 and SD
3-6 months 1-3 months

6—12 months 3—6 months

Baseline Baseline

Source: Republished by permission from Macmillan Publishers Ltd.: Kidney Disease: Improving Global Outcomes

(KDIGO) CKD-MBD Work Group [1], Copyright © 2009

Table 16.3 What the guidelines say you should do?
Recommended values from KDIGO 2017 [20] for the
main serum bone and mineral markers according to the
degree of CKD

CKD stages 3-5 CKD stage 5

Serum Lower elevated Lower elevated

phosphorus serum P levels serum P levels
towards the normal towards the normal
range range

Serum Avoid Avoid

calcium hypercalcemia hypercalcemia

Serum PTH Maintain serum Maintain serum
PTH within the PTH within the
normal or slightly  range of 2 to 9
elevated range in times more than
CKD stages 4-5 normal range

Serum Maintain serum Maintain serum

calcidiol calcidiol within the calcidiol within the
safe and safe and
biologically optimal biologically optimal
range (2040 pg/ range (20—40 pg/
mL) mL)

CKD chronic kidney disease, P phosphorus, PTH parathy-
roid hormone

contrast, the diagnosis and the management of
CKD-MBD should be based mainly on the trend
of changes; this aspect is even more relevant in
the interpretation of serum PTH and ALP
values.

In the last three decades, there has been a
debate to better define the normal or acceptable
upper and lower limits of these biochemical mark-
ers and thus guide managerial and therapeutical
decisions. The KDOQI (Box 16.1), the European,
and more recently the KDIGO and national guide-
lines have established different cutoff levels [1,
17-19]. Table 16.3, which considers mainly the
2017 KDIGO recommendations, summarizes
what we should consider as adequate or accept-
able values of the main serum bone and mineral
markers according to the degree of CKD [20].

Most of the recommendations are backed by a
reasonable scientific rationale, but, unfortunately,
the degree of evidence based on randomized clini-
cal trials is very low. At present, most of the best
available evidence comes from population-based
or cohort-based prevalence studies.

16.2.2 Bone Abnormalities

Bone tissue has excellent biomechanical proper-
ties: it possesses a great mechanical tension to
tensile stress, which is lower than that of iron, but
it is at least three times lighter and ten times more
flexible than iron. This outstanding property of
bone explains why during long periods of life,
only a reduced number of bone fractures occur
despite the remarkable number of falls suffered
by most people. Bone has such clinically relevant
biomechanical properties thanks to the activity of
the bone remodeling units, which during the
young adult life allow for the renewal of a mean
of 5-10% of the skeleton per year. However, the
capacity to renew bone tissue progressively
decreases after age 50. Apart from the changes
due to aging and gender differences, two bone
disorders, osteoporosis and renal osteodystrophy,
greatly influence bone turnover, since they exert
an important impact on bone mass and bone
quality.

The rate of bone turnover impacts both can-
cellous (trabecular) and compact (cortical) bone,
and it depends on the activity of the bone remod-
eling units which are regulated by several factors;
among them, PTH plays a key role. Cortical bone
is the most abundant type (85% of the skeleton),
but the most metabolically active one is trabecular
bone. Trabecular bone decreases in CKD patients,
but due to the quantity of cortical bone and also



16 Mineral and Bone Disorders in Chronic Kidney Disease

245

the sustained major effect of PTH on the latter, in
the current long-term evolution of the CKD-
MBD, there is a predominant loss of cortical
bone, which after several years of CKD leads to a
generalized thin cortex with trabecular aspects
due to insidious bone cortical erosions.

High serum PTH levels are associated with
hyperdynamic bone. PTH stimulates bone cell
proliferation and activity but also bone turnover.
In secondary hyperparathyroidism, the cycles of
the bone remodeling units are more rapid and
active, but also more bone remodeling units are
activated; as a result of these two mechanisms, an
abnormal, immature, non-lamellar bone matrix is
formed. At the end, a woven and less resistant
bone is produced, which yields an increased frac-
ture risk. Very high serum PTH levels (>450 pg/
mL) have a good predictive value for high bone
turnover, but moderately high serum PTH values
(300450 pg/mL) do not exhibit a good correla-
tion with bone turnover; in fact, normal or low
bone turnover can be found within these ranges
of serum PTH values.

Low PTH levels are associated with adynamic
bone, low bone cellular activity, and bone turn-
over [21]. Consequently, the inadequate renewal
of bone increases its fragility. In practice, ady-
namic bone is currently suspected when serum
PTH levels are below the normal values. PTH
levels lower than 150 pg/mL have a good predic-
tive value for low bone turnover and adynamic
bone, but PTH between 150 and 450 pg/mL, cur-
rently considered normal or adequate serum PTH
values, can be associated with adynamic bone
[22]. Then, despite the measurement of serum
PTH levels in CKD patients being the current
noninvasive method to assess bone turnover, its
specificity within the previous mentioned ranges
is limited. Overall, the clinical consequences of
low bone turnover observed in adynamic bone
are similar to those observed in osteoporosis,
with a higher prevalence of bone fractures and
more frequent and severe vascular calcification
compared with patients in whom bone turnover
remains close to normal [21].

For the precise diagnosis of high or low bone
turnover (mainly for the latter), it is necessary to
perform a bone biopsy. An increased number of
osteoclasts and osteoblasts, a non-laminar oste-

oid, woven bone, high bone formation rate with
high activation frequency, normal or high miner-
alization rate (double tetracycline labeling), and
increased marrow fibrosis are typically found in
high bone turnover states. By contrast, the reduc-
tion or absence of osteoblasts and osteoclasts, a
decreased or null osteoid formation, and low or
no bone mineralization rate (low or absent tetra-
cycline labeling) with low activation frequency
are found in adynamic bone [21]. Another histo-
logical diagnosis associated with low bone turn-
over is osteomalacia, which was the most
common form of low bone turnover in the 1970s
and 1980s and it was associated with aluminum
overload. The proper control of the sources of
aluminum exposure (aluminum in dialysis fluids
and the reduction of the massive use of aluminum-
containing phosphate binders) has drastically
reduced the incidence of osteomalacia in CKD
patients.

A decrease in BMD and changes in the bone
microarchitecture occur early in CKD and worsen
as the disease progresses. As a result, CKD
patients present flaws in the quantity and quality
of bone, resulting in a higher risk of bone frac-
ture, mainly of non-vertebral bone fractures [1,
21, 23-25]. The measurement of bone mass as
bone mineral density (BMD) using dual-energy
X-ray absorptiometry (DXA) is the best noninva-
sive marker to predict bone fractures in the gen-
eral population, as well as in CKD patients as it
has recently described [20, 26-31].

Bone strength is determined by the density
and quality of the bone, but the BMD measured
using DXA is not able to capture bone quality
(cortical and trabecular microarchitecture).
Changes in quality are better studied using high-
resolution peripheral quantitative computed
tomography (HR-pQCT).

16.2.3 Diagnosis and Type
of Vascular Calcification

The predisposition of patients with CKD toward
developing vascular calcification was already
mentioned in the nineteenth century; but now it
has great interest in nephrology because it is
closely related to cardiovascular disease and
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Table 16.4 Traditional and nontraditional uremia-
related risk factors for vascular calcification in CKD
patients

Nontraditional risk factors

Traditional risk factors (uremia related)

Hypertension Time in dialysis

Diabetes mellitus Hyperphosphoremia

Tobacco High calcium—phosphorus
product

Genetic Hyperparathyroidism and
hypoparathyroidism

Age High dosage of vitamin D
metabolites

Dyslipidemia Low fetuin-A

History of premature
coronary heart disease
Vitamin K inhibitors
(warfarin)

Poor nutrition (low albumin)

Chronic inflammation (high
IL-1, IL-6, TNF-o)
Hyperhomocysteinemia
Advanced glycated end
products

Oxidative stress

IL-1 Interleukin 1, /L-6 Interleukin 6, TNF-a tumor necro-
sis factor-alpha

mortality. The presence of vascular calcifications
was included in KDIGO guidelines for the clas-
sification of mineral and bone disorders of
chronic kidney diseases (CKD).

Vascular calcification was initially thought to
be a passive, degenerative process; however, the
evidence now suggests that it is an active process,
a dysregulation of the equilibrium between pro-
moters and inhibitors of calcification. Several
uremic factors, including abnormalities in the
mineral metabolism, age, diabetes, dyslipidemia,
hypertension, smoking, inflammatory process,
oxidative stress, genetic factors, are implicated
[32]. Table 16.4 summarizes the traditional and
nontraditional uremia-related risk factors for vas-
cular calcification in CKD patients.

Despite the debate still exists somewhat, it has
been suggested that a lateral abdominal X-ray
and an echocardiogram, both simple and inex-
pensive procedures, can be effectively used to
detect vascular and valvular calcification,
respectively.

Most studies examining calcification have
been performed using CT-based techniques (elec-
tron beam tomography and multi-slice computed
tomography, EBCT and MSCT, respectively),

which are quite sensitive methods for the detec-
tion of and quantification of calcium in the ves-
sels. However, these more precise techniques are
not widely available. The localization and exten-
sion of vascular calcification can be scored in a
reproducible manner using X-ray. Several avail-
able methods such as the Kauppila, Adragao, and
others are able to quantify and score vascular cal-
cification, featuring a good correlation with the
CT-based gold standard techniques and also with
outcomes such as mortality.

An association of higher mineralized bone
volume evaluated in bone biopsies, with a lower
vascular calcification score assessed by plain
X-ray was showed [33]. In addition, valvular cal-
cification detected by echocardiography is a good
predictor of coronary artery calcium. The infor-
mation provided by these studies should help not
only to evaluate risk and prognosis but also to
guide the therapeutic management of CKD
patients [34-36].

There are three types of arteries which differ
according to their size and structure: elastic or
large-caliber arteries, muscular or medium-
caliber arteries, and small-caliber arteries.

The elastic or large-caliber arteries are
responsible of conducting the blood to the distri-
bution arteries; they show a relatively thin wall
in proportion to their diameter and a rather thick
tunica media containing more elastic fibers than
smooth muscle with a fairly thin adventitia. The
aorta, the subclavia, and the common carotid
arteries belong to this group. The muscular or
medium-caliber arteries are capable of with-
standing further vasodilatation and vasoconstric-
tion to adjust the volume of blood to the perfusion
requirements; they have a tunica media which
contains a high proportion of smooth muscle.
The axillary, brachial, radial, coronary, femoral,
and tibial arteries are included in this group.
Finally, the small-caliber arteries are responsible
for regulating the local blood flow and perfusion
pressure through luminal size variations caused
by vasoconstriction and vasodilatation; they are
less than 2-mm thick, and their tunica media
contains only smooth muscle. This group
includes, among others, the palmar arch and the
digital arteries [34].
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Vascular calcification can occur in the intima
and the media layers. Intimal calcification begins
and progresses throughout lifetime mainly under
the influence of genetic and lifestyle circum-
stances. Intimal calcification is associated with
atherosclerosis including endothelial dysfunc-
tion, intimal edema, lipid cell formation, and
blood cell migration that may cause a plaque rup-
ture, leading to the formation of a thrombus. It is
currently associated with chronic arterial inflam-
mation exacerbated by well-characterized risk
factors, such as hypertension, diabetes, hyper-
cholesterolemia, obesity, smoking, and a family
history of heart disease.

Calcification of the media occurs in the elastic
lamina of large-caliber and medium/small-sized
arteries. It seems to be independent of atheroscle-
rosis but can coexist with it. This type of calcifi-
cation was known initially as “Monckeberg
sclerosis,” and it has been radiographically
described as railroads. It affects the arteries that
are less likely to develop atherosclerosis, such as
visceral abdominal, thyroid, lung, limb, and fem-
oral arteries, but it is also common in the aorta.

Fig. 16.4 Differences in
the prevalence of aortic 1 OO 7]
calcifications in

hemodialysis (HD)

patients and in a

randomly selected 8 0

16.2.4 Epidemiology
and Pathophysiology
of Vascular Calcification

CKD patients exhibit a very high prevalence of
vascular calcifications exceeding the percentage
observed in the general population of the same
age, sex, and region (see Fig. 16.4), leading to
cardiovascular disease, decreased life expec-
tancy, and mortality, even in the early phases of
CKD. Moreover, calcification of the cardiac
valves involves a high risk of cardiovascular dys-
function. A study in patients in CKD stage 5D
has shown that vascular calcifications are fre-
quently localized in high-caliber arteries, such as
the aorta (around 80%); medium-caliber arteries,
including coronary arteries (around 60-70%);
and small-caliber arteries (20-30%), reflecting
the heterogeneity of the three categories of arter-
ies previously described [34]. Time on hemodi-
alysis has been positively associated with
vascular calcification, particularly in medium-
caliber arteries. Each year on dialysis increased
the risk of developing vascular calcifications by

[0HD79.3% [ General37.5%

p<0.001 p<0.001

general population of the
same age and region
(Asturias, Spain)
(control). p <0.001 HD
patients (N =92)
compared to general
population (N = 245).
(Adapted with
permission of the
American Society of
Nephrology,

from Cannata-Andia
etal. [59])
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Calcification
Inhibitors

Fig. 16.5 Promoters and inhibitors of vascular calcifica-
tion. RANKL, receptor activator of nuclear factor-kappa
B Ligand; LDL low-density lipoprotein, ALP alkaline
phosphatase, Ca calcium, BMP bone morphogenetic pro-
teins, P phosphate, TNF-o tumor necrosis factor-alpha, Vit

approximately 15% [37]. The mechanisms by
which vascular and valvular calcification are pro-
duced are complex. It is not a mere precipitation
of calcium and phosphate; it involves active and
modifiable processes. This regulated process
involves several changes, such as a decrease of
vascular calcification inhibitors, an increase of
vascular calcification promoters (see Fig. 16.5),
and the formation of calcification vesicles; the
result is the induction of a cellular phenotypic
change of vascular smooth muscle cells which
are turned into bone-like cells. The outcome is
the formation of bone tissue inside the artery wall
[38-40].

Among the promoters of vascular calcifica-
tion, high serum phosphorus is considered the
most important uremia-related, nontraditional
risk factor associated to vascular calcification in
CKD patients. Phosphorus is capable of acting as
a secondary intracellular messenger, activating

Calcification

D; calcitriol, MGP matrix GLA protein, HDL high-
density lipoprotein, OPG osteoprotegerin, OPN osteopon-
tin, FGF23 fibroblast growth factor 23. (Modified with
permission of Oxford University Press from Nephrol Dial
Transplant. 2011; 26, 3429-3436) [60])

several molecular pathways related to bone for-
mation. It reaches the intracellular space via a
specific Na-dependent channel called Pitl and
exerts some important actions, such as the block-
ade of Pitl which prevents vascular calcification.
In vitro experiments have demonstrated that high
intracellular phosphorus levels may directly
increase Cbfal, the bone-specific transcription
factor, resulting in the activation of several osteo-
genic pathways and factors, including bone mor-
phogenetic proteins (BMPs) which lead to the
phenotypic changes of vascular smooth muscle
cells into bone-like cells. Phosphorus also pro-
motes the expression of osteocalcin and ALP in
the vasculature.

Among the inhibitors of vascular calcification,
pyrophosphates,  fetuin-A,  osteoprotegerin
(OPG), and matrix Gla protein (MGP) are the
most studied either in tissue or in serum. In the
former, pyrophosphates are located in the vascu-
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lar matrix to preserve the vascular smooth muscle
cells phenotype inhibiting calcium phosphate
crystal formation and the change of vascular
smooth muscle cells into bone-like cells. In
serum, the most abundant inhibitors of vascular
calcification are  fetuin-A, OPG, and
MGP. Fetuin-A, a known inhibitor of osteogene-
sis, is capable of hampering vascular calcifica-
tion. OPG holds back osteoclast differentiation,
modulating bone resorption through its action as
a decoy receptor of RANKL, but it may also act
as inhibitor of vascular calcification [41].

Players such as FGF23 and its co-receptor
Klotho have been also related with vascular calci-
fication. FGF23 and Klotho knockout mice
showed low bone mass and accelerated aging
with widespread tissue calcification [42, 43]. The
mechanisms by which FGF23/Klotho affects
bone health and vascular calcifications may
involve phosphorus excretion, vitamin D synthe-
sis, and also PTH regulation. More recently also
the microRNA have been implicated in the pro-
cess of vascular calcification [38, 44] (see
Fig. 16.5).

16.2.5 Vascular Calcification
and Bone Health

Most of the previously discussed factors, either
promoters or inhibitors of the vascular calcifica-
tion process (see Fig. 16.5), have been related not
only with vascular calcification but also with
bone health, a fact which suggests there might be
several links and common pathways between
bone and vascular disorders. Vascular calcifica-
tion, bone loss, and fragility fractures are very
common disorders associated with aging, both in
CKD patients and in the general population.
Several studies have drawn attention to the fact
that apart from aging, there might be other com-
mon factors linking vascular calcification and
bone health. Even though these factors are not
still fully understood, in CKD patients and in ani-
mal models, there is evidence that the progres-
sion of vascular calcification is directly associated
with the reduction of bone mass and an increased
risk of fragility fractures. The more severe the

vascular calcification, the greater the loss of bone
mass [35, 38].

16.2.6 Calciphylaxis

Calciphylaxis, also called calcific uremic arterio-
lopathy when it affects patients with CKD, is a
clinical syndrome characterized by necrotic
ulceration of the skin due to calcification of the
media, with fibrosis of the arteriolar intima and
subsequent cutaneous ischemia due to thrombo-
sis. It usually occurs in patients receiving renal
replacement therapy, either dialysis or kidney
transplantation, and in patients with deficient
glomerular filtration rate. Although abnormalities
in mineral bone metabolism seem to be the main
cause, other factors can contribute to its
pathogenesis. Thus, calciphylaxis can also occur
in patients with normal glomerular filtration rate,
especially those who are elderly or with a vascu-
lar disorder [45].

Irrespectively on their renal function, calci-
phylaxis patients share certain histologic features
(arteriolar calcification that leads to vessel nar-
rowing, ischemia and microthrombosis), that
suggest a common final pathway for the disease
[46].

Calciphylaxis lesions exhibit two types of
manifestations: - The disease may have an insidi-
ous onset, in which patients are asymptomatic,
although they may experience pruritus and pres-
ent with cutaneous lamellar erythema. -
Alternatively, the disease may have a rapid
evolution, with very painful ischemic purpura, in
which the pain is disproportionate to the skin
lesion and there is subsequent progression to
ulceration and skin necrosis. Both types of lesions
can occur simultaneously. The first type has a
mortality rate of about 30%, and the second type
has a mortality rate of approximately 80% [47].

The distribution of skin lesions is heteroge-
neous, and there are two typical patterns [48]. A
distal pattern occurs in approximately 90% of
cases. These patients present with lesions in the
lower extremities, especially between the ankle
and calf, although there are reports of lesions in
the fingers, hands and even the genitals. A proxi-
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mal pattern occurs in approximately 10% of
cases. These patients present with lesions in areas
with more adipose tissue such as the trunk, inner
thighs, buttocks and occasionally the breasts. In
addition, both patterns can coexist in the same
patient. A small number of patients (<1%) have
atypical lesions, in that they appear in unusual
locations. In general, the proximal pattern is
associated with a worse prognosis.

The pathogenesis of this form of severe vascu-
lar calcification is not yet fully understood, and
apart from the uncontrolled mineral metabolism,
dysregulation of some calcification inhibitors
such as fetuin-A, MGP, and vitamin K have been
implicated in its pathogenesis.

16.3 Management of CKD-MBD

16.3.1 Management of Biochemical
Abnormalities

Even though for didactic reasons we shall
describe individually the management of the
main mineral and bone disorders, it is important
to emphasize that in CKD-MBD, all the param-
eters need to be evaluated and put together in an
integrated manner as they all are very tightly
interrelated players [22, 49].

In CKD stages 3-5, there is a clear trend to
have a positive phosphate balance; thus, therapeu-
tic strategies aim to avoid the accumulation of
phosphorus. The rationale behind the importance
of controlling serum phosphorus is based on epi-
demiological and solid experimental studies
which have shown that hyperphosphoremia is an
important risk factor, not only for secondary
hyperparathyroidism but also for cardiovascular
disease and mortality [3]. In addition, despite the
lack of evidence from randomized controlled tri-
als that lowering serum phosphorus levels can
improve clinical outcomes, most strategies aim to
reduce serum phosphorus in CKD in patients with
hyperphosphoremia. The approaches to achieve
this goal include three levels of action: reduction
of dietary phosphorus intake, use of phosphate-
binding agents, and increasing phosphorus
removal by adding more hours of dialysis.

The control of serum phosphorus through
dietary phosphorus restriction merits specific and
important comments. The factors affecting gas-
trointestinal phosphorus absorption include vita-
min D levels and phosphorus food content and
bioavailability. Currently, the sources of dietary
phosphorus are protein-rich foods, which in a
non-vegetarian Western diet may represent
around 60% of the dietary phosphorus. Foods
rich in phosphorus include dairy products, meat,
fish, legumes, nuts, and chocolates. In addition, a
great amount of phosphorus (e.g., inorganic
phosphate) with a high bioavailability are found
in food additives and preservatives. The phos-
phate content of plants is high in phosphorus, but
its bioavailability and gastrointestinal absorption
is low. The reduction of dietary phosphorus
intake has a clear limitation: the need to ensure
an adequate protein intake to avoid under nutri-
tion. In fact, a restrictive prescription of dietary
phosphorus has been associated with poorer indi-
ces of nutritional status, and a stepwise trend
toward greater survival with more liberal phos-
phorus prescription has been postulated.

To obtain a higher removal of phosphorus,
increasing the hours of dialysis, either by pre-
scribing prolonged nocturnal dialysis or short
daily dialysis, has become a useful approach to
control hyperphosphoremia and to reduce serum
PTH levels and the dose of phosphate binders
prescription in CKD 5D patients. However,
despite the progressive use of the two aforemen-
tioned useful strategies, still most patients in
CKD stage 5D (between 80 and 90%) need the
use of phosphate-binding agents to control
hyperphosphatemia.

There is recent evidence that lowering serum
phosphorus would lead to improved clinical out-
comes [50]. As a safe strategy, the recent review
of the KDIGO guidelines suggest that serum
phosphorus should be maintained as close as pos-
sible to the normal range at all stages of CKD [1,
17]. The use of moderate phosphate-restricted
diets in combination with phosphate-binding
agents has become a reasonable approach to
avoid phosphorus accumulation in patients in
CKD stages 3—5D. This strategy allows a more
liberal diet which leads to a better nutritional sta-
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tus which can positively impact survival, as it has
been shown in recent large-scale epidemiological
studies.

Several observational studies and clinical tri-
als have shown that all available phosphate-
binding agents are effective in reducing serum
phosphorus, but to date, the available data do not
support a strong superiority of the novel non-
calcium-containing phosphate-binding agents on
outcomes such as cardiovascular and mortality
endpoints. In addition, the great differences in
dietary phosphorus intake and availability of
phosphate binders around the world, the different
economic and social scenarios, and the individual
clinical circumstances of each CKD patient are
enough reasons to avoid making general and con-
clusive recommendations for the generalized use
of one specific phosphate-binding agent [51, 52].

However, based on the analyses of the indi-
vidual circumstances of CKD patients, it is rea-
sonable that the choice of the phosphate binder
would take into account several aspects, such as
the stage of CKD, the presence of other compo-
nents of CKD-MBD, and any concomitant thera-
pies. In CKD stages 3—5D patients with persistent
or recurrent hypercalcemia, arterial calcification,
adynamic bone disease, and persistent low serum
PTH levels, the use and dose of calcium-based
phosphate binders, calcitriol, or other less hyper-
calcemic and hyperphosphoremic VDRAs should
be carefully and individually evaluated. It is rec-
ommended to avoid or restrict the long-term use
of aluminum-containing phosphate binders to
prevent aluminum overload.

Regarding calcium, apart from the limitations
already discussed about the use of calcium-based

phosphate agents and the need to individualize
the therapy, the most appropriate approach for
CKD stage 5D patients is to use a dialysate cal-
cium concentration between 1.25 and
1.50 mmol/L (2.5 and 3.0 mEq/L). It is important
to stress that the combined use of a high calcium
concentration in the dialysate (>1.50 mmol/L)
together with calcium-based phosphate binders
should be avoided as they would increase the risk
of calcium overload in CKD 5D patients.

In the case of CKD stages 3—5 patients not on
dialysis, it is suggested that if PTH levels are
above the upper normal limit of the assay, they
should be first evaluated for hyperphosphoremia,
hypocalcemia, and calcidiol deficiency and cor-
rect them if they are present. If serum PTH
increases progressively and remains persistently
above the upper limit despite having corrected
the abovementioned factors, treatment with
VDRAS could be initiated but the risk of hyper-
calcemia should be carefully evaluated. There are
several VDRASs in the market (see Table 16.5); all
of them are effective in PTH suppression even
though they may have a differential effect in cal-
cium and phosphorus absorption [53].

The approach is different for CKD stage 5D
patients, for whom the KDIGO guidelines sug-
gest to maintain serum PTH levels within the
range of approximately two to nine times the
upper normal limit for the assay [1]. Accordingly,
changes in therapy should be based on the
observed trends of changes, and therapy should
be initiated or modified to avoid any progression
to serum PTH levels outside this range in either
direction always evaluating and correcting mod-
ifiable factors such as hyperphosphoremia and

Table 16.5 Comparisons between the different generations of VDRAs most used

First generation

Calcitriol (1o, 25-
dihydroxyvitamin D5)

Generic name

Second generation
Alfacalcidol/doxercalciferol
(la-hydroxyvitamin Ds/D,)

Third generation
Paricalcitol (19-nor-1a,25-
dihydroxyvitamin D,)

Characteristic Mimics endogenous Molecular modifications at the ~ Molecular modifications at the
VDR hormone side chain side chain and A-ring

Comments Active upon Requires activation in the liver ~ Active upon administration
administration

Well-established SHPT in CKD SHPT in CKD SHPT in CKD

clinical indications  Osteoporosis Osteoporosis

SHPT secondary hyperparathyroidism, CKD chronic kidney disease
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hypocalcemia, phosphate intake and vitamin D
status [20]. This recommendation makes it dif-
ficult to be implemented in clinical practice due
to the wide range of PTH normality, then the
KDOQI ranges (serum PTH levels between 150
and 300 pg/dL) and similar ranges from national
guidelines are also currently used in practice
[18, 19]. Despite the absence of definitive evi-
dence, several large-scale observational studies
released after the CKD-MBD KDIGO guide-
lines were published have confirmed that in
CKD patients, the better outcomes are associ-
ated with serum PTH values around 150-300 pg/
dL [54, 55].

To reduce PTH in CKD stage 5D patients, the
suggested management is the use of calcimimet-
ics and/or VDRAs. The selection of the initial
drug for the treatment should be based on serum
calcium and phosphorus levels and other aspects
of CKD-MBD, such as the presence of vascular
calcification. When using calcimimetics, if hypo-
calcemia is present, they should be reduced by
adding VDRAs, if these changes are not enough
calcimimetics should be stopped. Likewise, when
using VDRAs, if either hyperphosphoremia or
hypercalcemia is present, they should be reduced
or stopped. The association of both drugs cur-
rently renders benefits. All changes in the therapy
of secondary hyperparathyroidism should take
into account other aspects, signs, symptoms,
severity of the disorders, and concomitant
medications.

If PTH levels fall and reach the range of low
bone turnover, the use of VDRASs and/or calcimi-
metics should be reduced or stopped. In patients
with severe hyperparathyroidism who did not
respond with a clinically meaningful reduction of
serum PTH levels after following the previous
recommendations, parathyroidectomy should be
considered. Even though there is no agreement
regarding at which serum PTH level a parathy-
roidectomy should be indicated, the most current
practice is to perform any type of parathyroidec-
tomy when patients maintain PTH levels above
800 pg/mL despite an adequate medical treat-
ment. Subtotal parathyroidectomy and total para-
thyroidectomy with parathyroid implants are the
two techniques more currently used.

16.3.2 Osteoporosis

The CKD-MBD constellation also includes the
study of bone fragility fractures, which may
appear due to high and low bone turnover states
but also due to the combination with osteoporo-
sis, an age-dependent and highly prevalent bone
disorder whose importance has greatly increased
due to aging of the CKD population [20, 26-28].

In osteoporosis there is a reduction in bone
mass with no specific defect in bone formation.
This occurs because the balance between bone
formation and bone resorption is lost, favoring
the latter. As a result, less new bone is formed to
replace bone loss. The DXA definition of
osteoporosis and the bone mass criteria followed
for its diagnosis were adopted for the first time by
the World Health Organization (WHO) in 1993.
It stands as ““a disease characterized by low bone
mineral density and micro architectural deterio-
ration leading to low bone strength and increased
risk of fractures.” Strictly speaking, the definition
applied only to Caucasian postmenopausal
women, and it was conceived to be used for diag-
nostic purposes, but not for treatment. However,
its use progressively expanded to include men
and also to help in the treatment decision process.
The WHO definition of osteoporosis never
included the CKD condition.

The T-score of the DXA measurement is used
for the assessment of BMD and for the definition
of osteoporosis. Each T-score difference in BMD
represents 1 standard deviation (SD) from the
peak bone mass. Values up to —1 SD BMD below
the mean peak bone mass are considered normal,
values between —1 SD and — 2.5 SD BMD are
indicative of osteopenia, and values below —2.5
SD BMD are indicative of osteoporosis (see
Fig. 16.6) [21]. BMD measurement plays an
important diagnostic, preventive, and managerial
role in the general population and also in CKD
patients [20, 26-28, 30].

In addition to the aforementioned limitations
in the interpretation of BMD, restrictions exist in
the treatment of osteoporosis in CKD patients.
Apart from the possibility of using calcium sup-
plements and VDRAs (drugs which are also used
in the management of osteoporosis), due to the
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Fig. 16.6 The WHO Diagnosis According to Bone Mass (BMD) using DXA
osteoporosis diagnostic Bone Upto -1 SD: Normal
criteria: T-score values mass T Score From -1 to -2.5 SD: Osteopenia
for normality Lower than -2.5 SD: Osteoporosis
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DXA. (Adapted with
permission of Societa
Italiana di Nefrologia,
from Cannata-Andia
etal. [21])

ﬂo 255D
- —
/4

T-score
0Steoporosis using -

Peak bone mass (0 T)

Z-score

20 30 40 50

complexity of CKD-MBD, the use of the cur-
rently available antiosteoporotic compounds also
presents additional limitations. There are two
main reasons for such limitations: the first is the
fact that all large-scale, long-term clinical trials
carried out to register active antiosteoporotic
drugs have specifically excluded patients with low
kidney function, particularly CKD stages 4-5; the
second reason is the fact that kidneys play a key
role in the clearance of some of these compounds
(e.g., bisphosphonates and strontium ranelate).
Thus, the available evidence comes from the post
hoc analysis of the studies, selecting patients with
reduced kidney function in whom the drug was
administered. In some of these studies, there were
enough CKD stage 3 patients, but that was not the
case with CKD stages 4-5 patients.

Despite the mentioned limitations [1, 17, 20,
27-30], CKD stages 1-3 patients should be man-
aged as the general population; CKD stage 3
patients should be individually evaluated taking
into account other important biochemical param-
eters such as PTH values. In CKD stage 3B, since
GFR is low (45-30 mL/min), it is necessary to
carefully monitor the progression of kidney fail-
ure and the serum PTH levels. The prescription
of bisphosphonates is still not recommended in
patients with GFR <30 mL/min without a strong
clinical indication. In general, patients with bio-
chemical anomalies, such as PTH or other serum
bone parameter abnormalities, should be man-

aged differently, and the treatment choices should
take into account the magnitude and reversibility
of those biochemical abnormalities as well as the
progression of CKD. Before using any osteopo-
rotic drug, all the abnormalities of Ca, P and PTH
should be connected as much as possible. A bone
biopsy can be always considered for this type of
patients, and a greater caution needs to be taken
when considering the use of antiresorptive agents
when PTH levels are normal/low or low. In the
latter, bisphosphonates is not indicated because
the risk of further reduction of bone turnover and
bone fragility due its long-term deposition in
bone. Denosumab has been the drug more used
because it is not cleared by the kidney and its
long-term action greatly decreases after 6 months.

16.3.3 Vascular Calcification

Another important aspect of CKD-MBD is to
follow strategies to minimize or avoid the pro-
gression of vascular calcification. Any strategy
designed to reduce the impact of vascular calcifi-
cation needs to take into account primary preven-
tion measures to control cardiovascular risk
factors. It is crucial to promote a healthy lifestyle,
a balanced diet, regular physical exercise, smok-
ing cessation, and a low alcohol intake. Once vas-
cular calcifications appear, secondary prevention
must aim to reduce their complications,
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intensifying the measures and treatments previ-
ously described. Most strategies to reduce vascu-
lar calcifications focus on several risk factors
such as hyperphosphoremia, hypercalcemia, sec-
ondary hyperparathyroidism, smoking, dyslipid-
emia, hypertension, diabetes, inflammation, and
to stop the use of warfarin [56].

16.3.4 Calciphylaxis

Despite calciphylaxis is an infrequent form of
vascular calcification, its management remains a
challenge. The treatment of calciphylaxis is
based on three complementary levels [57]: proper
medical-surgical management of ulcers (analge-
sia, surgical debridement, antibiotic therapy,
hyperbaric oxygen therapy); modification of all
possible factors that could precipitate ectopic cal-
cification (adjust or normalize diet, stop use of
calcium-based phosphate binders, stop use of
vitamin D active metabolites, normalize PTH
blood levels, and overall stop use of vitamin K
antagonists); use of one or more alternative thera-
pies to inhibit the cutaneous calcification process
(sodium thiosulfate, bisphosphonates).

Before You Finish: Practice Pearls for the

Clinician

e The changes in biochemical parameters of
CKD-MBD currently begin in CKD stage 3,
with important variations among patients.
Assessment should start at this stage.

e The optimal or normal values for each of the
serum biochemical markers of CKD-MBD
have been obtained from population- or
cohort-based studies. A single value can alert,
but the diagnosis and management should be
guided considering also the trend of changes.

e In CKD, both high and low bone turnover and
osteoporosis are associated with vascular cal-
cification, bone fractures, and increased
mortality.

e Calcium overload should be avoided at all
stages of CKD. Excess of calcium and phos-
phorus are two potent but avoidable promoters
of vascular calcification with negative impact
in outcomes.

e In CKD stages 3—5D, there is a clear trend to a
positive phosphate balance that needs to be
avoided using the available strategies but tak-
ing into account that aggressive dietary restric-
tion of phosphorus may lead to undernutrition
with possible negative effect on survival.
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