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Abstract: Despite the availability of global and regional guidelines to curtail the adverse

clinical outcomes associated with chronic kidney disease–mineral and bone disorder (CKD-

MBD), most CKD patients are still affected by the consequences of abnormalities of CKD-

MBD. This important clinical complication of CKD continues to be studied, in order to

improve the understanding and management of CKD-MBD. Some notable discoveries

include the role of fibroblast growth factor 23 (FGF23) in the pathogenesis of CKD-

MBD, leading to a shift from the previous well-established classic trade-off hypothesis to

the updated trade-off hypothesis. More recently, there has been a shift from the treatment

of CKD-MBD based on a single level of biomarkers to serial measurements of calcium,

phosphate and parathyroid hormone (PTH). Furthermore, some clinical trials have emerged

after the 2009 Kidney Disease-Improving Global Outcomes (KDIGO) Guidelines, leading

to the 2017 KDIGO updated recommendations. Hence, this review gives an overview of

the rapidly evolving trends in CKD-MBD, linking the past and current concepts of CKD-

MBD.

Keywords: chronic kidney disease–mineral and bone disorder, updated pathogenesis,
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Introduction
Chronic kidney disease (CKD) is a worldwide health problem affecting 5–10% of

the world’s population1,2 and the majority of these patients are at an increased risk

of developing disturbances of bone and mineral metabolism. These disturbances

lead to a constellation of bone lesions which was previously referred to as renal

osteodystrophy (ROD), with affected patients manifesting with symptoms such as

bone pain, muscle-tendon rupture, pruritus and high incidence of fractures.3,4

Subsequently, evidence has shown that patients with ROD are also predisposed to

cardiovascular calcification with associated high morbidity and mortality rates.5,6

Unfortunately, the term ROD does not encompass this important extraskeletal

manifestation. Therefore, to address these drawbacks and accommodate the extra-

skeletal manifestations, the Kidney Disease-Improving Global Outcomes (KDIGO)

Foundation initiated a controversies conference with the aim of providing a globally

acceptable definition and classification system for renal osteodystrophy. The

KDIGO workgroup recommended a broader term, CKD–mineral and bone disorder

(CKD-MBD) for the systemic disorder of mineral and bone metabolism due to

CKD and that the term renal osteodystrophy should exclusively be used to describe

disorders in bone morphology associated with CKD.6 However, in clinical settings,
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a bone biopsy is less frequently utilized because it is an

invasive and cumbersome procedure and requires highly

skilled personnel to interpret the tissue samples. For these

reasons, clinicians largely depend on trends in the levels of

parathyroid hormone in conjunction with levels of serum

phosphate, calcium and alkaline phosphatase as markers of

bone turnover to guide in the treatment of mineral bone

disorder.4

Historical Perspectives
The association between kidney diseases and bone

abnormalities dates back to 1883, when Lucas suggested

the term “renal rickets” in patients with albuminuria and

bone deformities.7 In 1930, Bauer et al8 established an

association between bone lesions (osteitis fibrosa cystica)

and the parathyroid gland following a review of 88

patients with endocrine bone disorders. Seven years later,

Albright et al postulated that CKD patients with phosphate

retention and low levels of calcium are prone to parathyr-

oid gland hyperplasia and renal osteitis fibrosa.

Subsequently, in the 1940s, the term renal osteodystrophy

was coined and used interchangeably with renal rickets.9

The emergence of the “trade-off hypothesis” by

Bricker and Slatopolsky10,11 provided an insight into the

pathogenesis of renal osteodystrophy. The theory states

that progressive nephron loss in CKD patients leads to

several compensatory mechanisms such as elevated PTH

in response to retained phosphate.

In the 1960s and 1970s, the two predominant forms of

renal osteodystrophy in patients with end-stage kidney

disease (ESKD) were osteitis fibrosa and mixed uraemic

osteodystrophy with a minority of patients presenting with

osteomalacia prior to dialysis.12 However, osteomalacia

became a major problem following initiation of dialysis

secondary to aluminum intoxication in some centers; the

two most affected dialysis centers (Ottawa and Newcastle)

had high concentrations of aluminum and fluoride in their

tap water. This entity of renal osteodystrophy (osteomala-

cia) was characterized by microcytic anemia and

encephalopathy.13 However, adynamic bone disease was

not only peculiar to aluminum contamination of tap water

used for dialysis but also associated with the use of large

amounts of aluminum containing phosphate binders and

active vitamin D therapy.14 Subsequently, there was

a rapid decline in the occurrence of this disease entity

with improvement in water purification systems and

reduced prescription of aluminum-containing phosphate

binders.

Definitions and Guidelines
Definitions
In 2003, the National Kidney Foundation proposed that

renal osteodystrophy should be defined as a constellation

of bone disorders present or exacerbated by CKD that lead

to bone fragility and fractures, abnormal mineral metabo-

lism, and extraskeletal manifestations.15 Despite incorpor-

ating a triad of abnormal mineral metabolism, skeletal and

extraskeletal manifestations this definition failed to be

accepted globally. Therefore, to ensure a widely acceptable

definition, the second KDIGO controversies conference in

2005 came up with a broader term CKD-MBD. The con-

ference participants agreed that CKD-MBD should be

defined as:

A systemic disorder of mineral and bone metabolism due

to CKD manifested by either one or a combination of the

following: (i) abnormalities of calcium, phosphorus, PTH,

or vitamin D metabolism; (ii) abnormalities in bone turn-

over, mineralization, volume, linear growth, or strength; or

(iii) vascular or other soft tissue calcification.6

This internationally acceptable definition has facilitated

valid comparison of studies in the field of CKD-MBD.

Guidelines
In an ongoing effort to reduce the adverse clinical events

associated with CKD-MBD, several global and regional

guidelines were proposed to assist clinicians in the man-

agement of patients with CKD-MBD. These guidelines

provided recommended target reference values for intact

PTH, phosphate and serum calcium. However, comparison

of these guidelines has shown a lack of harmonization

with the existence of relevant clinical differences in the

target values16 (Table 1).

Pathogenesis of CKD-MBD
Classically, prior to the discovery of fibroblast growth

factor 23 (FGF23), phosphate retention due to a decline

in renal function had been considered as the main trigger

of secondary hyperparathyroidism.22 The retained phos-

phate leads to a triad of hyperphosphatemia, low

1,25(OH)2D3 and hypocalcemia which are well-known

stimuli for PTH secretion that in turn enhances phosphate

excretion and development of secondary hyperparathyr-

oidism in advanced CKD. However, what mitigates this

process in the early stages of CKD continued to be a point

of discussion. Some authors have observed that calcitriol
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deficiency occurred earlier than hyperphosphatemia and

hypocalcemia suggesting that it may be the main initiator

of secondary hyperparathyroidism. Therefore, the patho-

physiology of secondary hyperparathyroidism is

a complex process that involves an interaction between

several factors. In the classic hypothesis, the trade-off of

PTH for normalization of calcium and phosphate levels is

the development of secondary hyperparathyroidism.10,23

The role of phosphate in the pathogenesis of secondary

hyperparathyroidism was further supported by studies that

demonstrated an association between high phosphate diets

and parathyroid hyperplasia.24,25

However, the pathophysiology of secondary hyperpar-

athyroidism has evolved with new discoveries.4 For exam-

ple, the emergence of FGF23 has revolutionized the

understanding of the mechanisms underlying the develop-

ment of secondary hyperparathyroidism, leading to an

updated trade-off hypothesis. Plasma FGF23 levels

become elevated with progressively worsening renal func-

tion, likely to occur before observed changes in the levels

of phosphate and PTH.26 The updated trade-off hypothesis

versus classic hypothesis is summarized in Figure 1.27

Role of FGF23 in the Pathogenesis of

Secondary Hyperparathyroidism
Fibroblast growth factor 23 (FGF23) is derived from osteo-

cytes and plays a vital role in vitamin D and phosphate

metabolism. It requires klotho (a transmembrane protein) to

enable it to bind to the FGF receptor (FGFR) in classic target

organs such as kidneys and parathyroid glands.28 Plasma

FGF23 enhances phosphate excretion in the proximal renal

tubule by decreasing the expression of luminal sodium-

dependent phosphate transporters and may also decrease

intestinal phosphate absorption by inhibiting NaPi cotran-

sporter activity.29 In addition, it reduces the synthesis of 1,25-

dihydroxyvitamin D [1,25(OH)2D3] by down-regulating the

activity of 1α-hydroxylase and accentuating the activity of

24-hydroxylase.30,31 In the early stages of CKD, high levels

of FGF23 attenuate hyperphosphatemia at the expense of

1,25(OH)2 vitamin D suppression, thus initiating the devel-

opment of secondary hyperparathyroidism.31 The decrease in

serum 1,25(OH)2D3 leads to decreased intestinal calcium

absorption. The triad of low levels of calcium, calcitriol

and hyperphosphatemia further enhances excessive PTH

secretion. This excess PTH leads to mobilization of calcium

from the bone and osteitis fibrosa. Other consequences of

progressive worsening of kidney function include hypo-

responsiveness of the vitamin D receptor (VDR) on the

parathyroid gland with further enhancement of production

of PTH and reduced expression of the calcium-sensing recep-

tor on the parathyroid gland leading to parathyroid gland

hyperplasia. In some subsets of patients, the parathyroid

gland undergoes hypertrophy and becomes autonomous.32

Role of Klotho in CKD-MBD
Klotho is a transmembrane protein that confers tissue specifi-

city to FGF23. The importance of this co-receptor was demon-

strated in klotho null mice showing a phenotype similar to that

of FGF23 null mice, with features of premature aging, vascu-

lar calcification, altered calcium/phosphate metabolism with

hyperphosphatemia, and shortened lifespan.33,34 Disordered

FGF23-Klotho axis, which is characterized by low level of

serum klotho and high FGF23, has been shown to be an early

feature of CKD. Klotho plays a fundamental role in mineral

homeostasis through an interplay with other markers of CKD-

MBD (parathyroid hormone, phosphate, fibroblast growth

factor-23, and 1,25-[OH]2 vitamin D3).35 The loss of ability

of FGF23 to normalize phosphate levels through its phospha-

turic effect and regulate PTH secretion was evidenced in

dialysis patients where higher levels of FGF23 corresponded

to the highest PTH levels. This dysregulated compensatory

mechanism by FGF23 was largely attributed to klotho

Table 1 Recommended Guidelines by Different Professional Groups

Group Year Recommended Levels

Corrected Calcium (mg/dL) Phosphorous (mg/dL) PTH (pg/mL)

KDIGO17 2017 Near normal range Near normal range 2–9× upper limit of normal

KDIGO18 2009 Within normal range Within normal range 2–9× upper limit of normal

K/DOQI15 2003 8.4–9.5 3.5–5.5 150–300

Canadian Society of Nephrology19 2006 Within normal range Within normal range 100–500

Japanese Society for Dialysis Therapy20 2008 8.4–10.0 3.5–6.0 60–240

UK Renal Association21 2002 8.8–10.4 <5.6 <4× upper normal range
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deficiency in CKD, which is characterized by low expression

of klotho and FGF23 receptor 1 in the parathyroid gland.

Klotho is responsible for converting FGFR1(IIIc) into

a specific receptor for FGF23. In addition, klotho is also

termed a calciophosphoregulatory protein as demonstrated in

its ability to enhance phosphaturia and prevent urinary cal-

cium loss.36 Thus, klotho deficiency will lead to

a constellation of disordered mineral metabolism, secondary

hyperparathyroidism, vascular calcification, and cardiac

hypertrophy,36 while exogenous administration of klotho

may ameliorate or prevent the development of CKD-MBD.

Emerging Trends in the Pathogenesis of

CKD-MBD
Recent studies have also reported the contribution of Wnt

inhibitors (portmanteau of wingless and int) in the patho-

genesis of CKD-MBD. These Wnt inhibitors which

include Dickkopf-1 (Dkk1) and sclerotin are usually

secreted during kidney injury. For instance, in CKD

mouse models, Fang et al reported that in comparison

with non-CKD diabetic controls, increased levels of

Dkk1, sclerotin and Klotho were found in chronic kidney

disease-2 mice and the use of a monoclonal antibody to

reduce levels of Dkk1-enhanced bone formation rates,

reversed the induced osteodystrophy and vascular

calcification.37 In their treatment protocol, combination

therapy of the monoclonal antibody with phosphate bin-

ders was found to completely ameliorate the induced

CKD-MBD. Hence, these observations may serve as

a therapeutic option for the management of CKD-MBD.

To further unravel the complex interplay between the

implicated biomarkers of kidney injury in their pathogenic

role in CKD-MBD, Activin A was also discovered to play

a crucial role in the vascular and skeletal components of

CKD-MBD. Activin A originates from peritubular myofi-

broblast of injured kidneys and exerts its effects via type 2

activin A receptor (ActRIIA). In another mouse model, the

effects of activation of activin receptor type IIA (ActRIIA)

through signal analysis and inhibition of ActRIIA by uti-

lising a ligand trap for the receptor, RAP-011 (a soluble

extracellular domain of ActRIIA fused to a murine IgG-Fc

fragment) was evaluated.38 The researchers reported the

Figure 1 Pathogenesis of disordered mineral metabolism in CKD.

Notes: (A) Traditional view of the mechanisms that maintain secondary hyperparathyroidism in advanced chronic kidney disease. (B) Updated view of the mechanisms that

initiate secondary hyperparathyroidism in chronic kidney disease, emphasizing the central role of FGF23. Reprinted from Kidney International, 78(10). Isakova T, Wolf MS.

FGF23 or PTH: which comes first in CKD? Kidney Int. 2010;78(10):947–9, Copyright 2010, with permission from Elsevier.

Abbrevaitions: CaR, calcium-sensing receptor; FGFR, fibroblast growth factor receptor; PTH, parathyroid hormone; VDR, vitamin D receptor.
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development of CKD-MBD which was characterized by

osteodystrophy, vascular calcification, cardiac hypertro-

phy, elevated levels of FGF23, PTH, hyperphosphatemia

and reduced klotho with stimulation of ActRIIA. Reversal

and attenuation of these features of CKD-MBD was

observed with inhibition of ActRIIA signalling.38–40

Diagnosis of CKD-MBD
In 1983, Sherald et al41 proposed a classification for renal

osteodystrophy based on bone histomorphometry findings,

namely high turnover disease, low turnover and mixed uremic

osteodystrophy. The emphasis on this classification was on

bone turnover; however, since a bone biopsy is not routinely

used for monitoring patients there is a need for reliable bio-

markers for assessing and monitoring patients with CKD-

MBD. Therefore, the KDIGO guidelines recommended the

use of serum PTH in conjunction with total or bone-specific

alkaline phosphatase (b-ALP) since high or low levels of these

markers correlate with underlying bone turnover. To further

support the diagnostic utility of these various biochemical

markers of mineral bone disorders, the KDIGO group con-

ducted one of the largest bone biopsy studies involving 492

dialysis patients. In their multivariate analysis, both intact PTH

and whole PTH were found to remain significantly predictive

in differentiating high from non-high bone turnover. In addi-

tion to PTH, they also assessed the additive value of bone-

specific alkaline phosphatase and the amino-terminal propep-

tide of type 1 procollagen (PINP) in providing diagnostic

accuracy. Surprisingly, the inclusion of specific b-ALP level

added only non-statistically significant value to PTH while

PINP did not.42 However, due to limited serum samples, they

could not assess the diagnostic utility of FGF23, 25-OH vita-

min D and other newer biomarkers of CKD-MBD.

Biochemical Parameters of
CKD-MBD
Parathyroid Hormone
The first-generation PTH assays were the radioimmunoas-

say (RIAs) that utilized an antibody to locate an epitope in

the c-terminal or mid portions of the PTH molecule. The

first-generation assays were later found to be associated

with some drawbacks such as cross-reactivity with other

fragments of PTH (mid and carboxyl terminal). These frag-

ments are produced by the liver and excreted by the kid-

neys. Therefore, as a result of cross-reactivity, levels of

PTH measured in CKD patients by these assays will be

markedly elevated.43 Subsequently, in the 1980s, the two-

site immunoradiometric assays were launched to address

the inadequacies associated with the first-generation

assays.44 The second-generation assay specifically mea-

sures the full-length PTH (intact PTH). Although, more

recently, it was believed that the second-generation assays

may also recognize other fragments such as PTH (7–84),45

it still remains the most widely used assay. The third-

generation assays which are now believed to be specific

for PTH (1–84) are also available.46 However, the improved

diagnostic value of the third generation as compared

to second-generation assays has not been established.47 In

2001, Monier et al48 assessed whether the use of the plasma

PTH (1–84)/C-PTH fragment ratio could predict bone turn-

over better than individual PTH levels measured

with second- or third-generation assays. Their results

showed that the PTH-(1-84)/C-PTH fragment ratio was

the best predictor of bone turnover, with a ratio >1 predict-

ing high or normal bone turnover (sensitivity 100%), while

a ratio <1 indicated a high probability (sensitivity 87.5%) of

low bone turnover. However, subsequent studies did not

find any advantage in the assessment of bone turnover

with this ratio compared to a single value of PTH.

Therefore, the KDIGO group is of the opinion that

both second- and third-generation assays are comparable,

with not enough evidence to recommend switching to the

third-generation assay. Similarly, the use of both assays to

arrive at a ratio will lead to a considerable increase in costs

of evaluating CKD-MBD. Despite the limitations asso-

ciated with PTHmeasurement, it remains the recommended

marker for monitoring CKD-MBD. The choice of PTH as

a marker for monitoring secondary hyperparathyroidism

has been supported by studies that correlated elevated levels

of these hormones with poor clinical outcomes. The US

Renal Data System revealed reduction in fracture risk by

32% post parathyroidectomy after adjusting for confound-

ing variables.49 In another study, independent of age and

diabetes status, elevated levels of PTH were associated with

a history of heart failure and myocardial infarction.50

Additionally, in a large randomized trial, decreased levels

of PTH with paricalcitol therapy were significantly asso-

ciated with decreased cardiovascular hospitalization.51

Furthermore, bone remodeling is a dynamic process with

an average remodeling cycle of 3–6 months for an area of

bone. Therefore, the use of multiple bone biopsies as a gold

standard for diagnosing and monitoring renal osteodystro-

phy is impracticable. In clinical settings, an ideal biomarker

for monitoring the management of CKD-MBD should be

noninvasive and can be repeatedly measured.
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Serum total alkaline phosphatase (TAP) is a marker of

osteoid formation and mineralization, and widely utilized

as a marker of bone formation because it is readily avail-

able and inexpensive. Although bone-specific alkaline

phosphatase (b-ALP) is more specific and a better surro-

gate marker of bone formation, studies have reported

a good correlation between TAP and (b-ALP).52 While

TAP is cheaper than b-ALP, it is less specific and found

in other tissues such as kidneys, liver, spleen and

intestine.52 Other markers of bone turnover are summar-

ized in Table 2.

Clinical Impact of CKD-MBD
Several observational studies have shown an association

between deranged markers of CKD-MBD and poor clinical

outcomes in both predialysis and dialysis patients.53–56 For

example, elevated levels of phosphate, calcium and PTH have

been shown to be associated with cardiovascular-specific mor-

tality in patients with CKD. In a large, prospective, multi-

center, cohort study (Netherlands Cooperative Study on the

Adequacy of Dialysis) involving 1629 hemodialysis and peri-

toneal dialysis patients, a significant increase in hazard ratio

(HR) of 1.57 (1.07–2.30) in patients with the highest quartile

of phosphate using both baseline and time-dependent values

was reported.53 Similarly, Block et al57 reported an increased

risk of death with increasing levels of phosphate, RR 1.07,

1.25, 1.43, 1.67, and 2.02 for serum phosphorus levels of 5.0 to

6.0, 6.0 to 7.0, 7.0 to 8.0, 8.0 to 9.0, and >9.0 mg/dL, respec-

tively, in 40,538 patients on maintenance hemodialysis. The

consistent association of hyperphosphatemia with increased

Table 2 Markers of Bone Turnover

Marker Tissue of Origin Specimen Comments

Bone Formation

Specific bone alkaline

phosphatase (b-ALP)

Bone Serum Glycoprotein derives from osteoblasts. Good surrogate marker of

bone formation.

Osteocalcin (OC) Bone,

Platelets

Serum Originates from osteoblasts, odontoblasts and hypertrophic

chondrocytes. Plays a vital role in osteoid mineralization.

C-terminal propeptide of type

I procollagen (PICP)

Bone, soft tissue, skin Serum Arises from proliferating osteoblasts and fibroblasts. Not

recommended for routine use as a marker of mineral bone disorders.

N-terminal propeptide of type

I procollagen (PINP)

Bone, soft tissue, skin Serum Arises from proliferating osteoblast and fibroblasts.

Bone Resorption

Hydroxyproline Bone, cartilage, soft

tissue, skin

Urine Present in both the newly synthesized and the mature collagen.

Hydroxylysine glycosides Bone, soft tissue, skin,

serum & complement

Urine, serum Hydroxylysine in collagen is glycosylated to varying degrees,

depending on tissue type

Carboxyterminal crosslinked

telopeptide of type I collagen

(CTX-I)

Tissues containing

type I collagen

Urine (a-/

s), serum (s

only)

Collagen type I, predominantly from the bone. Isomerisation of

aspartyl to s-aspartyl occurs with ageing of collagen molecule.

Aminoterminal crosslinked

telopeptide of type I collagen

(NTX-I)

Tissues containing

type I collagen

Urine, serum Collagen type I, predominantly from the bone.

Bone Sialoprotein (BSP) Bone, dentin,

hypertrophic cartilage

Serum Synthesized by osteoblasts and osteoclastic cells.

Tartrate-resistant acid

phosphatase (TRAcP)

Bone, blood Plasma, serum Six isoenzymes are present in the human tissues. Expressed by

Osteoclasts, dendritic cells and macrophages. TRAcP 5b is

considered as a marker of bone resorption, while TRAcP 5a is

a known marker of inflammatory conditions.

Note: Modified from Clinical Biochemist Reviews. 2005;26(4):97-122. Seibel MJ. Biochemical markers of bone turnover: part 1: biochemistry and variability, with permission

from the author and publisher of Clinical Biochemist Reviews.52
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mortality has been linked to its direct calcifying effect on

coronary vessels and cardiac valves.

Studies relating to PTH have shown a “U” shaped

association with increased risk of death at extreme values

of PTH. The highest value of PTH that is associated with

increased risk of death varies across studies from >400 pg/

mL55 to >500 pg/mL58 and >600 pg/mL.57

On the lower end of PTH, some studies have associated

PTH below the K/DOQI recommended lower threshold

(<150 pg/mL) with increased death risk.55,59

Despite the differences in the cut-off points utilized by

various studies, hypercalcemia has been consistently asso-

ciated with increased risk of mortality in maintenance hemo-

dialysis (MHD) patients.60–64 In the three phases of the

dialysis outcomes and practice patterns study (DOPPSI, II

and III) with 25,588 HD patients, calcium levels greater than

10.0mg/dL (>2.5 mmol/L) were significantly associated

with greater risk of all-cause and cardiovascular mortality

in both baseline and time-dependent models.61 The reasons

for this consistent association could be linked to the accel-

eration of arterial calcification by hypercalcemia.65,66

A triad of high calcium, elevated phosphate levels and high

or low PTH levels was associated with increased mortality in

MHD patients.67 Alkaline phosphatase which is one of the

markers of high bone turnover was recommended to be mea-

sured annually by the KDIGO. This relatively cheap diagnos-

tic test has been consistently associated with increased

mortality in both predialysis and dialysis populations.68–70

For example, a USAmulticenter observational study of hemo-

dialysis patients reported that higher levels of alkaline phos-

phatase were associated with increased risk of hospitalization

and death.68 Beddhu et al70 reported a similar association with

higher levels of alkaline phosphatase in patients with CKD

stages 3 and 4. Their findings suggested that independent of

confounding variables such as liver function, serum phosphate

and calcium, serum alkaline phosphatase was associated with

increased risk of death in predialysis CKDpatients. The role of

high levels of alkaline phosphatase in the pathogenesis of

vascular calcification was supported by a longitudinal study

involving 134 stages 4 and 5 CKD patients.71 This

2 year prospective study revealed that higher levels of serum

alkaline phosphatase were significantly associated with pro-

gressive vascular calcification.71 This relationship was inde-

pendent of levels of serum fetuin-A, calcium, C-reactive

protein and PTH. Table 3 summarizes the relationship between

traditional markers of CKD-MBD (PTH, phosphate and cal-

cium) and mortality.

FGF23 and CKD Progression
Studies have shown a strong correlation between serum

FGF23 levels and eGFR. As renal function declines FGF23

levels increase. In ESKD, FGF23 levels can be up to 1000-fold

above the normal range, likely due to retained phosphate or

decreased renal clearance.72 In a prospective study involving

177 non-diabetic patients with CKD stages 1–5, with amedian

follow-up period of 53 months, both serum intact FGF23

(iFGF 23) and c-terminal FGF23 levels (cFGF) above optimal

cut-off levels predicted a doubling of serum creatinine and/or

the need for renal replacement therapy, independent of eGFR,

proteinuria, and other indices of mineral metabolism, such as

calcium, phosphate and parathyroid hormone.73

Similarly, in a Brazilian prospective study comprising

type 2 diabetes mellitus patients with macroalbuminuric

nephropathy, iFGF23 was an independent predictor of the

Table 3 The Relationship Between Traditional Markers of CKD-MBD (PTH, Phosphate and Calcium) and Mortality

Author, Year Study Design Dialysis Modality Risk of Mortality with Markers of CKD-MBD

Calcium Phosphate PTH

Low High Low High Low High

Block et al 200457 Retrospective HD Decreased Increased NS Increased NS Increased

Noordzij et al 200553 Prospective HD, PD NS NS NS Increased NS NS

Kalantar-Zadeh et al 200655 Prospective HD Increased Increased Increased Increased Increased Increased

Melamed 200663 Prospective HD, PD NS Increased NS Increased NS Increased

Tentori et al 200861 Retrospective HD Increased Increased Increased Increased Increased Increased

Block et al 201064 Prospective HD NS Increased NS Increased NS Increased

Floege et al 201160 Prospective HD Increased Increased Increased Increased Increased Increased

Soohoo et al 201656 Retrospective HD NS Increased Increased Increased Increased Increased

Waziri et al 201954 Prospective HD, PD NS Increased NS Increased NS Increased

Abbreviations: HD, hemodialysis; PD, peritoneal dialysis; NS, not significant.
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composite primary outcome defined as death, doubling of

baseline serum creatinine and/or need for dialysis, even after

adjustment for creatinine clearance and intact parathyroid

hormone.74 One of the limitations of the two aforementioned

studies was the relatively small sample size. However, this

finding was confirmed in a large multicenter prospective

study CRIC (Chronic Renal Insufficiency Cohort) involving

3879 CKD stages 2–4 patients with a median follow-up of

3.5 years; high cFGF23 levels were independently associated

with poor renal outcome.75 These studies were largely car-

ried out in Caucasians or African Americans.

FGF23, Mortality and Cardiovascular

Outcome
Studies evaluating the relationship between FGF23, all-

cause and cardiovascular mortality in CKD, renal trans-

plant and healthy population revealed mixed results. For

example, while some studies have linked high levels of

FGF23 with increased mortality,75–82 others revealed

a lack of significant association.54,83–86 The findings from

these studies are summarized in Figure 2.

In the homocysteine study (HOST), compared with

patients with the lowest FGF23 levels, patients in the

highest quartile of baseline FGF23 had a hazard ratio of

2.58 for future cardiovascular events in univariate ana-

lysis. High levels of FGF23 remained a significant pre-

dictor of cardiovascular outcome, while vitamin D,

calcitriol and PTH did not. Regarding the composite

cardiovascular endpoint, elevated FGF23 was an inde-

pendent predictor of myocardial infarction and lower

extremity amputation.87 These studies have also shown

an association between elevated levels of FGF23 in

CKD and left ventricular hypertrophy, vascular calcifi-

cation and mortality.75,87

Figure 2 Hazard ratios of plasma fibroblast growth factor 23 with mortality by various studies.

Note: *Reported odd ratio.
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Management of CKD-MBD
The essence of CKD-MBDmanagement is largely to prevent

the adverse consequences associated with secondary hyper-

parathyroidism. Therefore, treatment of secondary

hyperthyroidism is dependent on well-established measur-

able surrogate markers of disordered mineral bone

metabolism.88 These markers are serum calcium, phosphate,

intact parathyroid hormone and 25-hydroxyvitamin D. Thus,

the current KDIGO guideline recommends treatment based

on the serial trends of these biochemical markers.17

Although hyperphosphatemia has been linked to several

adverse clinical outcomes, there is no evidence to show that

normalization of phosphate levels improves patients’ out-

comes. For instance, a recent randomized clinical trial revealed

a significant decrease in serum phosphate and a non-significant

decrease in the serum level of FGF23, and worsening of

coronary calcification scores in patients that were given phos-

phate-lowering therapy.89 Hence, the updated KDIGO recom-

mendation that prevention of hyperphosphatemia in patients

with CKD stage G3a to G5D may be more important than

treatment or normalization of phosphate levels.17

Prevention of hyperphosphatemia includes dietary

restriction of phosphate, use of phosphate-lowering agents,

and dialysis for patients with CKD stage G5D.

Phosphate Restriction
Efforts should be made to limit daily phosphate intake to less

than 800 mg; this can be achieved by regulating the intake of

high phosphate containing diets and carbonated beverages

with phosphate additives.90 However, since most of the foods

that are high in phosphate are also the major sources of

protein, the nutritional status of these patients should be

closely monitored to avoid malnutrition.

The dietary source of phosphate should be considered

while making dietary recommendations. This is necessary

since the intestinal absorptive capacity varied for different

sources of the phosphate. The intestinal absorptive rate of

inorganic phosphate as in additives and beverages is between

80% and 100%, while that of plant-based phosphate such as

nuts is between 20% and 40%.90

Phosphate Binders
Phosphate binders are usually administeredwithmeals to limit

phosphate absorption from the gut by forming a non-

absorbable complex with phosphate. The three main classes

of phosphate binders are aluminium-based phosphate binders,

Ca-based phosphate binders, and non-Ca-based phosphate

binders.90 The long-term use of aluminum based phosphate

binders has been limited by its associated side effects such as

aluminium-induced osteomalacia and encephalopathy.91 The

choice between the use of either calcium-containing or non-

calcium-containing phosphate binders should be guided by

serum levels of calcium and PTH of the patients. Overzealous

use of calcium-based phosphate binders is linked to detrimen-

tal effects particularly in non-dialysis patients;89 for example,

a previous study that compared calcium-containing phosphate

binders with a non-calcium-based phosphate binder (sevela-

mer) in patients on maintenance hemodialysis showed that

coronary artery calcification occurred more rapidly in patients

on calcium-containing phosphate binders. In addition to redu-

cing calcium overload, sevelamer was associated with low-

ering cholesterol and uric acid levels and has an anti-

inflammatory effect.89 However, in another study, the mortal-

ity outcome between patients on calcium-based phosphate

binders and sevelamer was comparable.92

Phosphate Removal Through Dialysis
Removal of phosphate through dialysis is dependent on the

type of dialysis, session length and dialysate.

For a dialysis session length of 4 hrs at a frequency of 3

times per week, an estimated 2.3–2.6 g of phosphate will be

removed per week. If the session length is increased to 8 hrs 3

times per week (as in nocturnal dialysis), the phosphate

removal increases to 3.0–3.6 g per week. For patients on

peritoneal dialysis, an estimated 2.0–2.2 g of phosphate will

be removed per week for 4 times per day, 2 L exchanges.90,93

Treatment of Secondary
Hyperparathyroidism
Data suggesting an optimal level for PTH for patients with

CKD stage G3a to G5 are lacking. The updated KDIGO

guidelines recommend that treatment of elevated levels of

PTH should be based on serial values rather than a single

high value, bearing in mind that the elevated PTH may

represent a compensatory response to hyperphosphatemia

and increasing bone resistance to PTH.17 The routine use of

calcitriol and vitamin D analogues to prevent secondary

hyperparathyroidism is being discouraged in non-dialysis

CKD patients. This recommendation was partly based on

two randomized control trials (RCTs) that reported no ben-

efit in clinical outcomes with the use of calcitriol in patients

with CKD stage G3a to G5.51,94 Both RCTs: Paricalcitol

Capsule Benefits in Renal Failure-Induced Cardiac

Morbidity (PRIMO) and Oral Paricalcitol in Stages 3–5
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Chronic Kidney Disease (OPERA) reported no improve-

ment in LVH or diastolic dysfunction with the use of

Paricalcitol in patients with CKD stage G3a to G5.51,94

Hypercalcemia was common in patients on Paricalcitol

compared to placebo group. For CKD stage G5D requiring

reduction of PTH level, the updated 2017 guidelines recom-

mend the use of calcimimetics, calcitriol, or vitamin

D analogues, or a combination of calcimimetics with calci-

triol or vitamin D analogues.17

The emergence of cinacalcet as an alternative in the treat-

ment of secondary hyperparathyroidism was as a result of

concerted efforts to avert hypercalcemia and hyperphosphate-

mia induced by the use of large doses of calcium-based phos-

phate binders in combination with calcitriol/vitamin D sterols.

Cinacalcet is a calcimimetic that controls the release of

parathyroid hormone by increasing the sensitivity of

the calcium-sensing receptor to extracellular calcium

ions, hence lowering PTH levels immediately post-

administration. It is initially given at a dose of 30 mg and

titrated upwards according to response;88 parenteral cinacalcet

(Etelcalcetide) is administered thrice weekly post-dialysis.95

Hypocalcemia is one of the side effects associated with cina-

calcet and thus regular measurement of serum calcium and

phosphate is indicated.

The commonly available vitamin D agents for the treat-

ment of secondary hyperparathyroidism are calcitriol, pari-

calcitol and doxercalciferol.

Calcitriol is a vitamin D receptor activator (VDRA) that is

given daily or thrice weekly to suppress PTH. However, due to

the widespread availability of vitamin D receptors beside the

parathyroid tissues, the use of calcitriol also enhances the

absorption of calcium and phosphorus from the gut.96 This

may lead to hypercalcemia and elevated phosphate levels that

are detrimental to vascular tissues.96,97 To mitigate the hyper-

calcemia and hyperphosphatemia associated with oral calci-

triol, a more receptor-selective injectable paricalcitol became

available in 1998.96 The recommended starting dose for par-

enteral paricalcitol is 2–5 μg per dialysis session and subse-

quently titrated downwards to maintain at 1–2 µg per dialysis

session based on PTH levels.15 It is recommended to discon-

tinue VDRs if the PTH level is less than 100 pg/mL.90

It is noteworthy that no special recommendation was

made regarding the choice of agents in the management of

secondary hyperparathyroidism. Thus, calcimimetic, calci-

triol, or vitamin D analogues are all considered as first-line

options for lowering PTH in CKD stage 5D and the choice

of which agent to use should be guided by serum levels of

calcium, phosphate and PTH.17

Finally, although parathyroidectomy is recommended for

patients with secondary hyperparathyroidism who did not

respond to medical therapy,17 the optimal choice between

subtotal parathyroidectomy (subtotal PTX) or total parathyr-

oidectomy with auto-transplantation (total PTX-AT) is yet to

be established. Both surgical options have been found to be

effective and have comparable outcomes.98

Emerging Novel Treatment Options
for CKD-MBD
In recent years, iron-based, calcium-free phosphate binders

have been introduced into clinical practice as a new class of

phosphate binders.99 These include sucroferric oxyhydroxide

(PA21) and ferric citrate (JTT-751). Both PA21 (Vifor Pharma)

and Ferric citrate (Auryxia, Keryx Biopharmaceuticals Inc.,

New York, USA) have been shown to be as effective as

sevelamer carbonate in lowering serum phosphate in CKD

5D.100,101 In addition to their phosphate-lowering effect, they

are also effective in correcting anemia in CKD and attenuating

vascular calcification.101

Correcting klotho deficiency states through supplementa-

tion with exogenous recombinant klotho may serve as

a prophylactic or therapeutic therapy for preventing or rever-

sing secondary hyperparathyroidism. Similarly, the use of

anti-FGF23 monoclonal antibodies (FGF23-Ab) to neutra-

lize the detrimental effects of high levels of FGF23 was

evaluated in animal models.102 Although neutralization of

FGF23 was characterized by improvement in secondary

hyperparathyroidism, it was associated with increased levels

of serum phosphate, aortic calcification and higher risk of

mortality.102 Thus, the therapeutic applicability of FGF23-

Ab in humans is yet to be established.

The use of a monoclonal antibody or a ligand trap for

ActRIIA to downregulate circulating Dkk1 has been shown

to be effective in improving and reversing the skeletal and

vascular sequelae of CKD-MBD at preclinical phase.38

Conclusion
CKD-MBD has continued to evolve over time with regards to

its pathophysiology, diagnosis, adverse clinical outcomes and

management. However, even though CKD-MBD is widely

studied, gaps in knowledge still exist, prompting the need for

more RCTs to assist in the management of CKD-MBD.
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