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Abstract

Childhood and adolescence are crucial times for the development of a healthy skeletal and
cardiovascular system. Disordered mineral and bone metabolism accompany chronic kidney
disease (CKD) and present significant obstacles to optimal bone strength, final adult height, and
cardiovascular health. Early increases in bone and plasma fibroblast growth factor 23 (FGF23) are
associated with early defects in skeletal mineralization. Later in the course of CKD, secondary
hyperparathyroidism—due to a combination of declining calcitriol values and phosphate retention
—results in high turnover renal osteodystrophy while elevated levels of both phosphate and
FGF23 contribute to cardiovascular disease. Treatment of hyperphosphatemia and secondary
hyperparathyroidism improves high turnover bone disease but fails to correct defects in skeletal
mineralization. Since overtreatment may result in adynamic bone disease, growth failure,
hypercalcemia, and progression of cardiovascular calcifications, therapy must therefore be
carefully titrated to maintain optimal serum biochemical parameters according to stage of CKD.
Newer therapeutic agents and new treatment paradigms may effectively suppress serum PTH
levels while limiting intestinal calcium absorption and skeletal FGF23 stimulation and may
provide future therapeutic alternatives for children with CKD.
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INTRODUCTION

Childhood and adolescence are a crucial time for developing a healthy skeletal and vascular
system; alterations in bone modeling/remodeling or vascular biology in youth carry
consequences that severely impact quality of life as well as life span. In childhood, chronic
kidney disease (CKD) causes disordered regulation of mineral metabolism with subsequent
alterations in bone modeling, remodeling, and growth. These alterations occur early in the
course of CKD and are accompanied by the development of cardiovascular calcifications.
Since growth failure and short stature are clinically apparent and concerning to patients,
families, and physicians alike, optimization of growth and final adult height has been a focus
of CKD management in children for decades. More recently, however, a growing awareness
that cardiovascular calcifications accompany CKD, that cardiovascular disease is the leading
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cause of mortality in both adults and children with Kidney disease, that a new hormone,
FGF23, may be implicated in its progression, and that therapies designed to treat the skeletal
consequences of CKD affect the progression of vascular pathology, has led to a
reclassification of the mineral, skeletal, and vascular disease associated with progressive
kidney failure. Together, these alterations are termed “CKD Mineral and Bone Disorder”
(“CKD-MBD™)(1, 2).

The CKD-MBBD is defined as a systemic disorder of mineral and bone metabolism due to
CKOD that is manifested by either one or a combination of the following: 1) abnormalities of
calcium, phosphorus, PTH, or vitamin D metabolism, 2) abnormalities in bone histology,
linear growth, or strength, and 3) vascular or other soft tissue calcification. “Renal
osteodystrophy” is the specific term used to describe the bone pathology that occurs as a
complication of CKD and is therefore one aspect of the CKD-MBD. While the definitive
evaluation of renal osteodystrophy requires a bone biopsy, this procedure is not routinely
performed in the clinical setting. However, bone histomorphometry continues to be the gold
standard for the assessment of three essential aspects of bone histology: turnover,
mineralization, and volume (1, 2).

Due to new concepts and definitions of the mineral and bone alterations associated with
CKOD, this review outlines the current understanding of abnormal bone and mineral
metabolism, present treatment strategies and their impacts on different aspects of this
disorder.

ABNORMALITIES OF CALCIUM, PHOSPHORUS, FGF23, PTH, AND VITAMIN
D METABOLISM

Pathogenesis of disordered mineral metabolism in CKD-MBD

Through signaling mechanisms between bone, kidney, and parathyroid glands, alterations in
kidney function lead to changes in serum biochemical values and progressive skeletal and
vascular disease. Early in the course of CKD, at a time when serum calcium and phosphorus
levels are still within the normal range, changes in circulating bone and mineral hormones
are evident. In CKD stages 2-3, levels of FGF23 rise in order to enhance urinary phosphate
excretion. These increased values also suppress renal 1-alpha hydroxylase, resulting in
reduced 1,25(0OH),vitamin D (calcitriol, 1,25(OH),D) values and, subsequently, increased
PTH levels, which also help to reduce blood phosphate levels. In advanced CKD, however,
rising PTH levels cause a release of calcium and phosphorus from bone and, when
compensatory mechanisms fail, severely impaired glomerular filtration rate (GFR) results in
phosphate retention which itself directly suppresses 1a-hydroxylase activity (3). In late
CKD, hypocalcemia (from decreased intestinal calcium absorption mediated by declining
calcitriol levels), hyperphosphatemia, and low circulating 1,25(OH),D values all combine to
stimulate PTH secretion, thus acting as additional factors in the development of secondary
hyperparathyroidism (2°HPT) (4).

As early as stage 2 CKD (GFR between 60 and 90 ml/1.73m%/min), circulating levels of
FGF23 begin to rise in adults and children (5-7), likely due to a combination of factors
including chronically elevated phosphorus load (3, 8), decreased renal excretion (9) and
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increased osteocyte FGF23 production (10). Early increases in FGF23, occurring while
circulating levels of calcium, phosphorus, PTH, and 1,25(0OH),D levels are within the
normal range, may be the first sign of altered osteocyte function in CKD in pediatric patients
(7,9, 10). Serum values of FGF-23 increase as CKD progresses and are markedly elevated
in individuals with end-stage kidney disease (11). The effects of increasing FGF23 levels on
mineral ion metabolism are multiple and include the induction of renal phosphate excretion
by reducing expression levels of the renal sodium-dependent phosphate cotransporters,
NaPi2a and NaPi2c and the suppression of circulating 1,25(0OH),D levels by inhibiting renal
la-hydroxylase activity (12) and simulating 24-hydroxylase—the enzyme responsible for
the metabolism of the biologically active 1,25(0OH),D (13). FGF23 may also regulate PTH
secretion; /n vitroand in vivo experiments indicate that FGF23, by activating MAPK
pathways in the parathyroid gland, also directly suppress PTH release, independent of the
action of FGF23 on vitamin D metabolism (14, 15).

In CKD, reduced circulating 1,25(0OH),D, resulting from a combination of increased FGF23
levels and declining renal mass, contributes to 2°HPT and parathyroid gland hyperplasia in a
number of ways: through decreased intestinal calcium absorption, decreased VDR
expression and function, and thus lack of PTH gene suppression, and reduced calcium
sensing receptor (CaSR) expression.. Indeed, 1,25(OH),D has been shown to suppress PTH
gene transcription, both 7n vitro (bovine parathyroid cell culture) and /in vivo (intact rats)
(16, 17). Similarly, 25(OH)vitamin D (25(OH)D) deficiency, which is prevalent in patients
with CKD due to decreased outdoor (sunlight) exposure; CKD dietary restrictions
(particularly of dairy products) (18), decreased skin synthesis of vitamin D3 in response to
sunlight compared with individuals with normal kidney function (19, 20), proteinuria and
increased catabolism through increased 24-hydroxylase activitly (13), also contribute to the
development of 2°HPT—Dboth directly and through limiting substrate for the formation of
1,25(0OH),D. Recent evidence demonstrates that 1a-hydroxylase is present in the
parathyroid glands; thus, 25(OH)D is converted not only in the kidney, but also inside the
gland to 1,25(0OH), D3, suppressing PTH (21). 25(OH)D administration suppresses PTH
synthesis even when parathyroid gland 1a-hydroxylase is inhibited, indicating that 25(OH)D
may contribute to PTH suppression, independent of its conversion to 1,25(0OH), D3 (21).
Indeed, supplementation with ergocalciferol has been shown to decrease serum PTH levels
in patients with CKD (22, 23) and to delay the onset of 2°HPT in children with pre-dialysis
CKD (24).

Phosphorus retention and hyperphosphatemia are also important factors in the pathogenesis
of 2°HPT, but only in late stages of CKD. The development of 2°HPT is prevented in
experimental animals with CKD when dietary phosphorus intake is lowered in proportion to
the GFR (25). Dietary phosphate restriction can also reduce previously elevated serum PTH
levels in patients with moderate renal failure (26). Phosphorus retention and
hyperphosphatemia directly and indirectly promote the secretion of PTH.
Hyperphosphatemia lowers blood ionized calcium levels as free calcium ions complex with
excess inorganic phosphate; the ensuing hypocalcemia stimulates PTH release. Phosphorus
also enhances the secretion of FGF23, thereby impairing renal la-hydroxylase activity,
which diminishes the conversion of 25(OH)D to 1,25(0OH),Ds (8). Finally, phosphorus can
directly enhance PTH synthesis by decreasing cytosolic phospholipase A2 (normally
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increased by CaSR activation), leading to a decrease in arachidonic acid production with a
subsequent increase in PTH secretion (27). Hypophosphatemia also decreases PTH mRNA
transcript stability /n vitro (28), suggesting that phosphorous itself affects serum PTH levels,
probably by increasing the stability of the PTH mRNA transcript.

Finally, alterations in parathyroid gland CaSR expression also occur in 2°HPT and may, in
turn, contribute to parathyroid gland hyperplasia. The CaSR is a seven transmembrane G
protein-coupled receptor with a large extracellular N-terminus, which binds acidic amino
acids and divalent cations (29). Low extracellular calcium levels result in decreased calcium
binding to the receptor, a conformational relaxation of the receptor and a resultant increase
in PTH secretion (30), while activation of the receptor by high levels of serum calcium
decreases PTH secretion (31, 32). The expression of the CaSR is reduced by 30% to 70% as
judged by immunohistochemical methods in hyperplastic parathyroid tissue obtained from
human subjects with renal failure (33). CaSR gene transcription is regulated by vitamin D
through two distinct vitamin D response elements in the gene’s promoter region (34); thus,
alterations in vitamin D metabolism in renal failure could account for changes in calcium
sensing by the parathyroid glands and vitamin D may act upstream of the CaSR in
preventing parathyroid cell hyperplasia (35). Decreased expression and activity of CaSR has
been linked to decreased responsiveness in PTH secretion due to altered calcium levels (36).
This decreased expression of the CaSR results in an insensitivity to serum calcium levels
with subsequent uncontrolled secretion of PTH. Increased stimulation of the CaSR by
calcimimetics has been shown to decrease PTH cell proliferation, implicating the CaSR as a
regulator of cell proliferation, as well as PTH secretion (37).

RENAL OSTEODYSTROPHY: ABNORMALITIES IN BONE TURNOVER,
MINERALIZATION, VOLUME, LINEAR GROWTH, OR STRENGTH

Evaluation of skeletal histology provides both a method for understanding the
pathophysiology of renal bone disease and a guide to its proper management. The routine
assessment of bone histology is not performed in the clinical setting; however, current
recommendations from the National Kidney Foundation (KDOQI Guidelines) suggest that a
bone biopsy should be considered in all patients with CKD who have fractures with minimal
trauma (pathological fractures), suspected aluminum bone disease, or persistent
hypercalcemia despite serum PTH levels between 400 to 600 pg/ml (Level of Evidence:
Opinion) (38). After double tetracycline labeling, bone tissue is obtained from the iliac crest
on an outpatient basis with minimal morbidity (39). As recently recommended by the
Kidney Disease Improving Global Outcomes (KDIGO) workgroup, three areas of bone
histology are examined: bone turnover, mineralization and volume, all of which may be
altered in patients with chronic kidney disease (1, 2).

Bone Turnover

Traditionally, renal osteodystrophy has been classified primarily on alterations in bone
turnover. The primary lesion of renal osteodystrophy in children is one of high bone
turnover due to its association with elevated circulating PTH values. PTH activates the PTH/
PTHTrP receptor on osteocytes and osteoblasts, suppresses of osteocytic sclerostin (an
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inhibitor of Wnt signaling-mediated bone turnover) expression, and thereby increases
cellular activity of both osteoblasts and osteoclasts (40-42), resulting in increased resorption
of mineral and matrix along both the trabecular surface and within the Haversian canals of
cortical bone. Bone formation rates remain normal in early (stages 2 and 3) CKD (7) (Figure
1) at a time when skeletal expression of sclerostin is increasing (42). In late stages of CKD,
skeletal sclerostin expression decreases (42) and bone turnover increases (7) due to the
development of 2°HPT. Long-term exposure to high serum PTH levels results in markedly
increased bone turnover which lead to peri-trabecular fibrous changes in bones; thus, this
lesion is often termed “osteitis fibrosa cystica” (43). Biochemically, increased bone turnover
is associated with elevated circulating values of PTH and alkaline phosphate and by a
decrease in circulating sclerostin concentrations (44). Elevated bone turnover is evident in
patients with moderate to advanced stages of CKD (45), increasing in prevalence as GFR
declines (45), and is nearly universal in untreated children at the initiation of dialysis (46).

A state of low-turnover bone disease (adynamic renal osteodystrophy) also occurs in
children treated with maintenance dialysis and, although it has not been demonstrated in
children with earlier stages of CKD (47), it is also highly prevalent in adults with pre-
dialysis CKD (48). Adynamic bone is commonly associated with oversuppression of serum
PTH levels due to excess treatment with vitamin D and calcium salts but has also been
described in conjunction with elevated PTH levels in pediatric dialysis patients (49) and in
the absence of vitamin D sterol therapy in adults with early CKD (48). This disorder is
characterized by normal osteoid volume, an absence of fibrosis, and a reduced bone
formation rate, as indicated by a reduced or absent double tetracycline label on bone
histology (50). A paucity of osteoblasts and osteoclasts is present (51). Adynamic bone has
also been associated with low alkaline phosphatase levels, high serum calcium levels, and
vascular calcification (52, 53). In addition to the increased risk for fractures that is observed
in adults with adyamic bone, adynamic bone in children treated with dialysis is associated
with an increased severity of growth retardation (54, 55).

Mineralization

Alterations in skeletal mineralization are prevalent in children with CKD (45, 56). Increases
in unmineralized bone (osteoid) in conjuction with delayed rates of mineral deposition occur
in early stages of CKD while bone turnover are within the normal range; their prevalence
increases as GFR declines, are apparent in the majority of patients with end-stage kidney
disease, and remain prevalent after correction of 2°HPT (43, 57). Defective mineralization
that is associated with high turnover bone disease is termed “mixed lesion”; when associated
with low to normal bone turnover, it is referred to as “osteomalacia” (1, 2). While the
clinical implications of defective mineralization in patients with CKD remain to be
established, increased fracture rates, bone deformities, and growth retardation—common
features of children with rickets (58, 59)—are common in the pediatric CKD population (46)
and these lesions persist despite adequate suppression of 2°HPT (60). Interestingly, the
skeletal expression of FGF23 and of dentin matrix protein 1 (DMP1), the osteocyte-derived
repressor of skeletal FGF23 expression, are dysregulated in patients with all stages of CKD
(10) (Figure 2) and this dysregulation is associated with aberrant skeletal mineralization;
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Volume

however, the effects of different therapies for the treatment of renal osteodystrophy on
expression of these osteocytic proteins remains unknown.

Since PTH is an anabolic steroid at the level of trabecular bone, high levels of serum PTH
are typically associated with increases in bone volume, trabecular volume, and trabecular
width (39, 57, 61, 62). Thus, children with CKD typically have normal or high bone volume
as assessed by bone histomorphometry. Those treated with corticosteroids, however, may
display loss of bone volume, termed “osteoporosis”. The impact of osteoporosis in
childhood may not always be immediately apparent; however, sub-optimal peak bone mass
accretion in adolescence is associated with an increased risk of osteoporosis, hip fractures,
and mortality in adulthood (63).

Linear Growth

Linear growth is a unique feature of childhood, occurring through the modeling of new bone
by skeletal accretion and longitudinal growth in the growth plate. One third of the total
growth occurs during the first two years of life and is driven primarily by nutrition (64).
Later childhood is marked by a lesser, although constant, growth rate (5-7 cm/year), and is
dependent primarily on the actions of growth and thyroid hormones. At the onset of puberty,
estrogen and testosterone induce a second increase of growth velocity. During growth, the
epiphyseal cartilage goes through a process of progressive maturation, and when no
additional epiphyseal cartilage remains to provide further long bone growth, bone fusion
occurs between the shaft and the epiphysis, ending the linear growth process (65).

Growth retardation is the hallmark of CKD in children. Protein and calorie malnutrition,
metabolic acidosis, end-organ growth hormone resistance, and renal bone disease are the
factors most commonly implicated in growth failure (66). Malnutrition may be the primary
contributor to poor growth in children less than 24 months of age; indeed, data from the
International Pediatric Peritoneal Dialysis Network (IPPN) Registry have demonstrated that
optimization of feedings, preferably with the placement of gastrostomy-tubes—optimizes
growth in the first two years of life (67). However, despite correction of malnutrition,
acidosis, and anemia; normalization of serum calcium and phosphorus levels; and vitamin D
sterol therapy replacement, the majority of older children with CKD continue to grow
poorly. Growth failure worsens as renal function declines; the average height of children
with even mild CKD (GFR 50-70 ml/minute/1.73 m?) is 1 standard deviation (SDS) below
the average for healthy children. Moderate CKD (GFR 25-49 ml/minute/1.73 m?) is
associated with a height SDS of —1.5, and, at the time of initiation of dialysis, the mean
height SDS is —1.8 (68). Secondary hyperparathyroidism contributes to this persistent
growth retardation, although optimal target values for PTH in children in all stages of CKD
remain controversial. In children with moderate CKD, some data indicate that normal
growth velocity is achieved when PTH levels are maintained within the normal range (69)
while others have demonstrated a linear correlation between growth and PTH levels in the
same patient population—those with the highest PTH values maintaining the highest rates of
growth (70). In children treated with maintenance dialysis, adynamic bone disease and
growth failure have been associated with PTH levels around 100 pg/ml (15t generation
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assay) (54) while data from the IPPN Registry suggest that optimal growth velocity in
peritoneal dialysis patients are associated with PTH concentrations below 500 pg/ml (71),
although methodological problems with the PTH determinations were present in this latter
study. Alterations in the growth hormone/insulin-like growth factor (IGF) pathway axis and
their receptors also contribute to growth retardation; indeed, despite normal or elevated
circulating levels of growth hormone, decreased growth hormone receptor expression results
in end-organ resistance and increased levels of IGF binding proteins, in the presence of
normal IGF1 levels, results in decreased bioactivity of IGF1 (72-74).

Bone Structure and Strength

Bone deformities are common in uremic children due to altered skeletal remodeling.
Epiphyseal widening, particularly around wrists, ankles, and the costochondral junctions
(rachitic rosary) is common in infants. Slipped epiphyses, genu valgum, femoral and wrist
deformities are most common in preadolescent children with long-standing CKD (43, 46).
Avascular necrosis of the femoral head and pathologic fractures of the extremities and chest
wall due to osteoporosis and bone deformities may occur with minimal trauma. In addition,
vertebral crush fractures contribute to significant morbidity in this population. The initial
management of skeletal deformities requires the normalization of serum calcium,
phosphorus, and PTH levels. Surgical correction is often also necessary but should be
performed only after correction of biochemical abnormalities.

VASCULAR CALCIFICATION

The etiology of vascular disease in CKD is multifactorial and includes traditional risk
factors, such as hyperlipidemia, and inflammation, as well as alterations in mineral
metabolism specific to CKD; thus, treatment is also multifaceted. Children with CKD
develop cardiovascular disease in the absence of established risk factors as diabetes, obesity,
and smoking. In contrast to the calcifications of atherosclerotic plaques in the vascular
intima that develop with age in individuals with normal kidney function, vascular
calcification in the uremic milieu develops primarily in the vascular media. Hypercalcemia,
hyperphosphatemia, elevated levels of the calcium x phosphorus product, treatment with
high doses of calcium salts and vitamin D sterols have all been implicated in the progression
of the burden of extra-skeletal calcification in both adults and children (75-81). However,
40% of adult patients with stage 3 CKD, without these risk factors, show evidence of
calcification (82) and changes in carotid artery wall thickness are apparent in children as
early as CKD stage 2 (7, 78), suggesting that factors unique to CKD and independent of
circulating mineral content contribute to vascular disease.

Although the mechanisms of the development of vascular calcification remain to be fully
elucidated, osteoblasts and vascular smooth muscle cells have a common mesenchymal
origin; Core binding factor-1 (Cbfal) is thought to trigger mesenchymal cell to osteoblast
transformation. Mice deficient in Cbfal fail to mineralize bone (83) and arteries obtained
from patients undergoing renal transplantation show increased levels of the protein (84).
Upregulation of the sodium-dependent phosphate transporter PIT-1 likely contributes to the
increased calcification (85). Furthermore upregulation of pro-mineralization factors such as
osteopontin, bone sialoprotein, osteonectin, alkaline phosphatase, type I collagen, and bone
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morphogenic protein-2 (BMP-2) is potentiated by the uremic milieu (86-89), while
expression of calcification inhibitors, such as fetuin A and matrix gla protein, is suppressed
(90-92). Klotho, the co-receptor of FGF23, is also expressed in vascular tissue and
decreases in vascular Klotho have linked to loss of vascular elasticity (93). Interestingly,
CKD has been associated with decreased circulating levels of soluble Klotho and with
reduced arterial Klotho expression (94). Levels of circulating FGF23 may also contribute, as
in both the pediatric and adult populations these values have been associated with
cardiovascular calcification (95, 96).

TREATMENT

The goal of therapy for childhood CKD-MBD is to normalize mineral metabolism with the
aim of improving growth, reducing bone deformities and fragility, and minimizing the
progression of extra-skeletal calcification. Biochemical markers of serum calcium,
phosphorus, and PTH are primarily used to guide therapy; current therapeutic agents are
targeted to maintain values in the normal range for stage of CKD.

Phosphorus Control

As a result of phosphorus retention, patients with advanced pre-dialysis CKD (4) and those
undergoing treatment with traditional maintenance dialysis regimens (i.e. thrice weekly
hemodialysis or nightly peritoneal dialysis) often require dietary phosphate restriction as
well as treatment with phosphate-binding agents to maintain serum phosphorus levels in the
normal range. Daily hemodialysis has been shown to normalize serum phosphorus levels,
improve growth, and decrease phosphate binder useage (97, 98). Thus, in select patient
populations and dialysis centers which are able to perform daily hemodialysis, the use of
phosphate binding medications may be decreased or entirely avoided. Hypophosphatemia is
one potential side effect of daily hemodialysis, however, and may have important
implications for the growing skeletion (99).

Current recommendations suggest that phosphate-binding agents be initiated when
circulating phosphate concentrations rise above the normal range for age (38). Due to
increased rates of growth, higher circulating phosphate concentrations are required in infants
and young children than in older children. Calcium-containing salts are recommended as the
mainstay in phosphorus binding therapy in CKD stages 3 through 5 when serum phosphate
concentrations rise above the normal range. While several calcium salts— including calcium
carbonate, calcium acetate, and calcium citrate—are widely used, calcium carbonate is
currently the most commonly used compound (38). In recent years, however, increasing
concern of progressive vascular calcifications associated with a positive calcium balance and
hypercalcemia has led to current recommendations suggesting that total calcium intake from
calcium-based phosphate binders should not exceed twice the recommended DRI for dietary
calcium (38). Thus, the use of newer calcium-free phosphate binders also plays a key role in
maintaining normo-phosphatemia in dialyzed children. One of these compounds, sevelamer,
when compared to calcium-containing salts, has been shown to halt the progression of
vascular calcification and decrease mortality rates in adult patients with CKD stages 3 and 4
and in adult dialysis patients (100-102). Sevelamer is also both safe and effective in
pediatric patients treated with maintenance dialysis (60, 62, 103). Lanthanum carbonate,
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another non-calcium containing, but metal-containing (lanthanum), phosphorus binding
agent is also effective in reducing serum phosphorous levels with fewer hypercalcemic
episodes than calcium carbonate (104-106); however, plasma lanthanum levels increase
over time and bone lanthanum content increases during therapy and remains elevated at least
a year after discontination of treatment (107). Further evidence from rodents indicates that
lanthanum progressively accumulates in the liver, bone, and growth plate (108). Thus,
athough an effective phosphate binder, lanthanum has not been approved for use in children
as the long-term consequences of its accumulation in multiple tissues remains unknown.

Although phosphate-binding medications are currently recommended only when circulating
phosphate concentrations rise above the normal range, a phenomenon that typically occurs
in CKD stage 4 and in dialysis patients, changing concepts with regards to the pathogenesis
of 2°HPT has called into question whether phosphate binding agents should be initiated in
early stages of CKD, before the onset of overt hyperphosphatemia. Indeed, increased values
of FGF23 are in CKD stage 2, before serum PTH or phosphate concentrations begin to rise
(45, 109). Increased circulating levels of FGF23 have been linked to the development of
2°HPT (110); indeed, short-term studies in the adult pre-dialysis CKD population have
demonstrated that the early use of calcium-free (although not of calcium containing)
phosphate binders is able to prevent the rise in FGF23, delaying the onset of 2°HPT (111-
113). These data, combined with growing evidence linking elevated FGF23 concentrations
to left ventricular hypertrophy (114, 115), vascular calcification (95, 96), progressive renal
disease (116, 117), and increased mortality rates (118), raise the question as to whether
phosphate binders should be initiated earlier in the course of CKD, before serum phosphate
concentrations are overtly elevated. In children, however, FGF23 has also been linked to
IGF1 levels (5), to nutritional status (119), and to height (45); thus, studies are warranted to
assess the safety and efficacy of therapeutic strategies aimed at preventing a rise in FGF23
in the pediatric population.

Secondary Hyperparathyroidism

25(0H) vitamin D deficiency is common and its correction has been shown to delay the
onset of 2°HPT in children with CKD (120). Thus, assessment and repletion is
recommended for all children in stages 2 to 4 CKD with elevated PTH levels (38). After
repletion of 25(0OH) vitamin D stores, therapy with active vitamin D sterols recommended in
order to suppress PTH levels to withing target range for stage of CKD. Calcitriol and
alfacalcidol are two forms of active vitamin D sterol widely used in children, having been
shown to be effective in suppressing PTH and improving growth in children with CKD
when given in either daily or intermittent doses (70, 121). However, hypercalcemia has been
linked to their administration, particularly when given with calcium-containing phosphate
binders. Thus, vitamin D analogues have been developed to maximize affinity for
parathyroid tissue, while minimizing effects on intestinal calcium and phosphorus
absorption. Three new vitamin D analogues are available for use in patients with CKD: 22-
oxacalcitriol (OCT) in Japan, as well as 19-nor-1,25-dihydroxyvitamin D, (paracalcitol) and
la-hydroxyvitamin D, (doxercalciferol) in the USA. Oral forms of paricalcitol (70) and
doxercalciferol are approved for CKD 3 through 5 in adults, though not yet in children.
Doxercalciferol and paricalcitol are effective in lowering PTH (60, 122) and doxercalciferol
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Growth

has been shown to be as efficacious as calcitriol in controlling the skeletal lesions of 2°HPT
but with greater suppressive effect on osteoclastogenesis in pediatric patients treated with
maintenance dialysis (56). Unfortunately, all forms of active vitamin D have been associated
with progressive increases in circulating FGF23 concentrations; whether these increased
values are associated with long-term adverse cardiac outcomes remains to be determined.

Calcimimetic agents act as allosteric activators of the calcium sensing receptor (CaSR) and
are also available for the treatment of 2°HPT in the adult dialysis population. By increasing
the sensitivity of the CaSR, these small organic molecules are able to reduce PTH levels,
decrease the calcium-phosphorus product, and may provide a medical means of halting the
progression of parathyroid gland hyperplasia (123). Cinacalcet has shown to be effective in
the control of 2°HPT in adult patients treated with maintenance dialysis (124) and in severe
cases of persistent 2°HPT and hypercalcemia after successful renal transplantation (125);
however, these agents have not been approved for use in children, and, due to the presence
of the CaSR on the growth plate (126), studies are required to confirm their safety and
efficacy in young patients.

Despite correction of acidosis and optimization of nutrition, many children with CKD
continue to grow poorly. Daily hemodialysis, in addition to improving control on phosphate
metabolism, has been shown to improve growth in pre-pubertal children (98). Recombinant
growth hormone therapy may also be indicated in those whose height is below the 5t
percentile for age and who have open epiphyseal plates. Skeletal x-rays to evaluate bone age
are indicated prior to hormone initiation. Skeletal deformities such as active rickets or
slipped capital femoral epiphyses should be allowed to heal prior to initiation of therapy.
Furthermore, since growth hormone therapy may worsen 2°HPT, serum PTH levels must be
well controlled prior to start of therapy and should be routinely monitored during treatment
(38). Of note, the use of recombinant growth hormone has been linked to increases in
circulating FGF23 values (127). Moreover, the clinical response to recombinant growth
hormone differs according to stage of CKD, children with stage 5 CKD displaying a less
robust growth response than those with less severe kidney disease (128, 129). Thus, many
factors, including growth potential, degree of kidney failure, optimal dialysis prescription
(98), concomitant morbidities, and control of renal osteodystrophy, should be considered
prior to the initiation of growth hormone.

Vascular Disease

Since cardiovascular disease is the leading cause of death in both adults and children with
CKD, the prevention of its progression is crucial to the management of the CKD-MBD.
Unfortunately, the evaluation of vascular disease in children is challenging. Coronary
electron beam tomography (EBCT) has been used to evaluate cardiovascular calcifications
but is fraught with technical limitations in pediatric patients and, while ultrasound of carotid
intimal-medial wall thickness is a sensitive technique, it is not widely available and observer
experise is critical (77). Echocardiogram has been shown to be effective in predicting
cardiovascular disease in CKD (130) and should be used routinely.
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Lipid lower agents are effective therapy in reducing cardiac mortality in adults with pre-
dialysis CKD (131) and in those with stable renal allografts (132), although no benefit from
their use has been established in adult patients treated with maintenance dialysis (133) or in
any subset of the pediatric CKD population. However, normalization of mineral metabolism
by the use of phosphate binders and avoidance of hypercalcemia has been associated with
improved cardiac indices in pediatric dialysis patients (78). To prevent progressive vascular
disease, current recommendations suggest that total calcium intake should be limited to less
than twice the daily recommended intake for age and that biochemical parameters should be
routinely monitored and phosphate binder and vitamin D sterol dosages adjusted. Although
circulating values of FGF23 have received increasing attention as potential mediators of
cardiovascular disease (114), randomized trials are needed to assess whether interventions
aimed at decreasing FGF23 values are associated with improved outcomes in these groups
as well as in both the adult and pediatric CKD populations.

SUMMARY

In summary, abnormalities in bone and cardiovascular physiology are linked to
abnormalities in mineral metabolism in pediatric patients with CKD. These abnormalities
occur early in the course of CKD and progress with declining kidney function and current
guidelines focus on maintaining indices of mineral metabolism within ranges specific to
CKD stage. The identification of FGF23 as a critical regulator of phosphate and vitamin D
metabolism and in the pathogenesis of CKD-MBD challenges current treatment guidelines;
however, prospective randomized trials are needed in order to assess whether therapies
targeted at controlling FGF23 values are warranted.
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Figure 1.
Percentage of pediatric patients with abnormalities in bone turnover (solid) and skeletal

mineralization (open) and in circulating PTH (striped) and FGF23 (polka dot) values
according to CKD stage.
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* p<0.05 from controls

a. Skeletal expression of FGF23 in normal control (A) and in a patient with early CKD (B).
Skeletal expression of DMP1 in normal control (C) and early CKD (D).
b. Skeletal expression of FGF23 and DMP1 are increased in all stages of CKD relative to

control.
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