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Abstract

The last decade has been a remarkably productive one
in the field of bone biology. New insights into the main-
tenance of a normal bone microenvironment have led to
significant advances in our understanding of many im-
portant skeletal disorders, including renal osteodystro-
phy. Novel targets for therapeutic manipulation have
been exposed and encouraging progress made towards
new treatments. In addition, just as clinical studies have
alerted us to the potential hazards of vascular calcifica-
tion, basic science has unearthed the intimate nature of
the relationship between the previously separate disci-
plines of bone and vascular biology. The clinical nephrol-
ogist, however, may be forgiven a little cynicism at this
point. If such progress has been made, why do the same
proverbial difficulties confront us in day-to-day practice?
Control of phosphate remains inadequate, despite a lit-
erature which constantly reaffirms its crucialimportance,
and parathyroid hyperplasia seems inevitable in many
patients. Furthermore, even the satisfaction of success-
ful control of serum parathyroid hormone concentration
must now be tempered by disquiet regarding the skeletal
and cardiovascular consequences of oversuppression.
This review aims to provide an update of the latest de-

velopments in relevant skeletal research and to assess
how recently acquired knowledge may improve clinical
nephrological practice over the next five years.
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Characterisation and Diagnosis of
Osteodystrophy

Bone is not static; it continuously adapts to prevailing
mechanical and metabolic requirements by a dynamic
remodelling (and in children modelling) process centred
on the coupling of osteoblastic formation and osteoclas-
tic resorption. Influence on remodelling is exerted by
both ‘classical’ osteotropic hormones, i.e. parathyroid
hormone (PTH), calcitriol, sex steroids and thyroid hor-
mones, and many locally produced cytokines and growth
factors. Disturbances of this process impair bone quality
and quantity. Renal osteodystrophy is a complex and
heterogeneous disorder best thought of in terms of a his-
tomorphometric continuum, with high and low turnover
disease at opposing ends. High turnover disease is close-
ly associated with the clinical entity of secondary hyper-
parathyroidism (SHPT). It is characterised by increased
numbers of both osteoblasts and osteoclasts, and in many
cases by the formation of poor-quality ‘woven’ bone.
With low turnover disease, reduced numbers of bone
cells, very low rates of bone formation and serum PTH
that is in, or just above, the normal range are character-
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istic. The adynamic bone disorder, adynamic bone dis-
ease (ABD) and aplastic bone disease are all terms that
have been applied to this scenario. Confusion can arise
because high and low turnover states are not mutually
exclusive — they may co-exist in bone biopsy specimens.
In addition, interchange from one form to another is
common and often driven by current treatments. This
can be difficult to conceptualise because we are inclined
to think in terms of an absolute value of serum PTH (we
deal with these every day), rather than within a histo-
logical framework (we rarely perform bone biopsies). A
key challenge for the future is to refine our ability to both
diagnose and subcategorise bone pathology without over-
reliance on the serum PTH or recourse to bone biopsy.

In this regard, the utility of several biochemical mark-
ers of bone turnover to predict the type of skeletal lesion
has come under scrutiny. Elevations in osteoblast-de-
rived bone-specific alkaline phosphatase correlate well
with PTH and are predictive of high turnover disease,
though less useful for the differentiation of low from nor-
mal turnover [1]. Other osteoblast products, particularly
osteocalcin, and various breakdown products of type I
collagen, including pyridinoline and deoxypyridinoline,
have also been studied and could, eventually, play a larg-
er diagnostic role as assays and interpretation are refined
in relation to histology. In the case of PTH itself, it is
increasingly clear that in addition to ‘intact’ PTH, which
acts on its targets via the classical PTH-1 receptor, most
commonly utilised first-generation immunometric as-
says also detect other biologically active fragments of the
hormone. These N-terminally truncated peptides appear
to exert an inhibitory influence on bone cells, almost cer-
tainly via a distinct C-PTH receptor, and could be a con-
tributory factor to perceived skeletal resistance to PTH
[2, 3]. Second-generation immunometric assays, more
specific for ‘whole’ PTH (1-84) molecule, have been de-
veloped and are likely to attract increasing attention as
their clinicopathological validation progresses.

At present, imaging plays only a minor role, with plain
X-rays increasingly redundant in the diagnosis of osteo-
dystrophy, though of increasing importance in the assess-
ment of vascular calcification. The application of DEXA
technology for the assessment of bone mineral density in
the uraemic patient is complicated. There is, as yet, no
consensus on the optimum site(s) of measurement and
correlations with both histology and fracture risk are
poor. For these reasons, estimates of bone mineral den-
sity are best viewed as part of an overall data set, rather
than in isolation [4]. Quantitative CT has certain theo-
retical advantages as it distinguishes cortical from tra-
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becular bone. Both, however, are limited to providing
information on bone density and tell us little about bone
quality.

Regulation of Bone Remodelling - A Basis for
New Therapies?

How is the intricate balance between bone formation
and resorption maintained? It has long been recognised
that within the bone microenvironment, osteoblasts reg-
ulate the activity of neighbouring osteoclasts and, via
specific receptors, coordinate the bone resorbing action
of thyroxine, PTH and calcitriol, amongst others. While
the paracrine release of cytokines (including interleu-
kin-1, -6 and -11, TNF, TGF-8 and M-CSF) ostensibly
explained this cellular cross-talk, spatial proximity of os-
teoblast to osteoclast seemed to be a prerequisite for be-
havioural change in the latter. Growth factors in isola-
tion provided an inadequate stimulus. The discovery of
two glycoproteins, both from the TNF receptor super-
family, termed (after several early nomenclatural chang-
es) osteoprotegerin (OPG) and the ligand for receptor
activator of NF-kB (RANK-L) established the missing
link. These constitute a system that acts as the final ef-
fector pathway for a host of osteotropic stimuli. RANK-
L expression is inducible on the osteoblast cell mem-
brane, while its receptor (RANK) is found on cells of an
osteoclastic lineage. Binding of ligand to receptor pro-
motes osteoclastic differentiation, activation and surviv-
al, thereby increasing the pool of mature osteoclasts
available to undertake bone resorption. OPG provides
an ingenious regulatory mechanism. Like RANK-L it is
an osteoblastic product, but is secreted rather than mem-
brane bound. Once released, it acts as a decoy receptor
for RANK-L, preventing its interaction with RANK and
slowing the recruitment of osteoclasts. In this way, bone
remodelling becomes intimately related to changes in ex-
pression of OPG and RANK-L. Factors that decrease the
OPG/RANK-L ratio, thereby favouring bone resorption
with higher rates of bone turnover, include TNFo, PTH,
calcitriol, glucocorticoids and cyclosporine. Those that
increase the ratio, thereby decreasing bone resorption
and slowing bone turnover, include oestrogens, andro-
gens and, possibly, IGF-I. In transgenic mice, OPG over-
expression, or RANK-L or RANK knockout, all result in
osteopetrosis, while OPG knockout causes severe osteo-
porosis [5-7]. This latter finding, coupled with the obser-
vation that OPG administration prevents bone loss in
ovariectomised mice, has stimulated interest in the de-
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velopment of OPG as a treatment for osteoporosis. En-
couraging clinical data are already emerging, including
the demonstration of reduced bone turnover, inferred
from the biochemical response, in post-menopausal
women after a single OPG dose [8]. OPG could have po-
tential for the prevention and treatment of post-trans-
plant osteoporosis, where bone mineral loss is often pro-
found and related to the uncoupling of bone resorption
(calcineurin inhibitors and persistent hyperparathyroid-
ism) and formation (corticosteroids). Measurement of
serum OPG concentration also shows promise as a sur-
rogate marker of bone turnover and, possibly, cardiovas-
cular risk.

Parathyroid Hyperplasia - Still a One-Way
Ticket

It is important to remember that, effects on bone
apart, SHPT is defined in terms of three related, though
pathophysiologically distinct, characteristics: (i) in-
creased PTH synthesis per cell, (i1) hypersecretion of pre-
synthesised PTH and (iii) progressive parathyroid hyper-
plasia. The ability of calcitriol to abrogate the first of
these, through the powerful suppression of PTH gene
transcription, has secured active vitamin D a central role
in day-to-day clinical management. However, its ability
to influence the last, parathyroid hyperplasia, is more
limited. Early on, both directly and through increasing
serum calcium concentrations, calcitriol can inhibit cell
proliferation, though this can be overridden by concom-
itant hypocalcaemia and/or hyperphosphataemia. Clon-
al proliferation of parathyroid cells supervenes and is
associated with reduced expression of both vitamin D
and calcium-sensing receptors (CaR), restricting inhibi-
tory inputs on two fronts. Irreversible nodular hyperpla-
sia develops, and SHPT becomes refractory to treatment.
Although calcimimetic agents (see later) have been shown
to prevent parathyroid proliferation in the uraemic rat
[9], their effect in long-term human disease remains to
be seen. For the moment, significant hyperplasia remains
a one-way ticket to parathyroidectomy.

When to Start Treatment?

The pathogenesis outlined above suggests that earlier
intervention and prevention of SHPT should be more
prominent therapeutic goals. In the pre-dialysis setting,
overt increases in serum phosphorus are a relatively late

New Prospects for the Management of
Renal Bone Disease

Table 1. Target PTH, calcium, phosphorus and Ca x P product in
patients with CKD

CKD GFR PTH Calcium  Phosphorus Ca x P

stage ml/min  pg/ml mmol/l  mmol/l mg?/dI?

3 30-59 35-70 normal 0.87-1.48 <55

4 15-29 70-110 normal 0.87-1.4e <55

5 <15or 150-300 2.1-2.37 1.13-1.78 <55
dialysis

GFR = Glomerular filtration rate. Adapted from the National
Kidney Foundation K/DOQI clinical practice guidelines [9].

development and PTH is a better marker for derange-
ments necessitating treatment. Conventionally, increas-
es in PTH have triggered the prescription of calcium-
based phosphate binders to supplement calcium levels
and prevent phosphorus elevation, with alfacalcidol or
calcitriol added when the PTH response is deemed inad-
equate. Whilst such vitamin D analogues might be effec-
tive in suppressing PTH production and parathyroid cell
growth in this setting, the increased risk of adynamic
bone disorder means that there may be a significant price
to pay. Vitamin D insufficiency, as manifest by a low
plasma 25-hydroxyvitamin D [25(OH)D] concentration,
isitselfa relatively common finding in the chronic kidney
disease (CKD) population beyond stage 3 (glomerular
filtration rate <60 ml/min) and may be associated with
early reductions in bone mineral density and SHPT. In
this context, replacement with ergocalciferol or cholecal-
ciferol seems reasonable, though remains of unproven
benefit [10].

Achieving Therapeutic Targets

Target concentrations for PTH, phosphorus and cal-
cium in the various stages of CKD have recently been
outlined in a substantial document produced by the Na-
tional Kidney Foundation Kidney Disease Outcomes
Quality Initiative (table 1) [10]. Suggested phosphorus
levels for patients with advanced CKD (stages 3-5) are
close to the normal physiological range and may prove
difficult to achieve in practice. The target level of cor-
rected total calcium is quite low and very challenging at
2.10-2.37 mmol/l. In the case of PTH, the target concen-
tration is close to normal in patients with CKD up to
stage 3. In CKD stages 4 or 5, however, the target PTH
level is higher (3-5 times the upper limit of normal), re-
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Table 2. Actions of current treatment and calcimimetic drugs on
calcium, phosphorus, Ca x P and PTH

Calcium- Calcium- Vitamin D Calci-
based binder free binder analogues mimetic
Calcium " oorl T !
Phosphorus ! ) 1 !
CaxP ' H T 1
PTH U 1 W Wi

flecting a body of evidence suggesting that moderate ¢l-
evations in PTH are more likely to be associated with
normal bone turnover. The practising clinician will im-
mediately recognise the difficulties that these targets
present to existing therapies; a recent analysis of a large
cohort of Spanish patients showed just 13% at target for
both PTH and Ca x P and 22% for PTH alone [11].
Available best therapy is clearly struggling to deliver the
results now demanded.

Calcimimetics

The CaR is widely expressed, but it is in parathyroid
and renal tissue that its function is best understood. As
the physiological role of the CaR has been unravelled,
expectation has grown that its pharmacological manipu-
lation will provide the means to achieve and maintain a
target PTH. Cinacalcet (formerly AMG 073) and NPS
R-568 are allosteric modulators of the CaR, enhancing
its sensitivity to ambient calcium and, thereby, counter-
ing a key pathophysiological development — under-ex-
pression of the parathyroid CaR and partial loss of cal-
cium-driven PTH suppression. The efficacy of cinacalcet
has been demonstrated in a number of clinical trials, with
impressive reductions in PTH accompanied by declines
in calcium, phosphorus and Ca x P (table 2) [12-14].
These latter observations are thought to reflect a reduced
efflux of calcium and phosphorus from bone as PTH
falls, though functioning CaRs within the skeleton could
potentially play a role. Consequently, respective roles of
calcitriol and cinacalcet as therapy for SHPT are likely
to be determined, not solely by the serum concentration
of PTH, but also by the prevailing calcium, phosphate
and Ca x P. In circumstances where calcium and Ca X
P are low, treatment would typically start with calcitriol.
Cinacalcet would be favoured as initial therapy when
calcium or Ca x P are high. Calcimimetic agents should
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enable more precise control of serum PTH concentration
than previously possible and help us, not only to achieve
the appreciably more stringent treatment targets now
recommended, but hopefully also to limit both skeletal
and cardiovascular morbidity in patients with CKD.

Vitamin D Analogues

In the experimental setting, the newer generation of
vitamin D analogues have shown considerable therapeu-
tic potential. This is especially the case for 22-oxacal-
citriol (licensed in Japan) and paricalcitol (licensed in the
USA). Unfortunately, under the clinical spotlight none
of these compounds has been shown to be truly non-cal-
caemic and such descriptions of them remain mislead-
ing. The majority of available studies are placebo-con-
trolled only and highly reminiscent of reports heralding
calcitriol and alfacalcidol in the 1970s. Comparative
studies are rare, although paricalcitol offered a marginal
advantage over calcitriol with respect to sustained eleva-
tions of calcium and Ca x P product in a head-to-head
study [15]. Very recently, a large cohort study suggested
a possible survival advantage for those patients treated
with paricalcitol [16]. Although perhaps counterintui-
tive, the results of this analysis are potentially very im-
portant, serving to emphasize the need for large, ran-
domised, prospective studies comparing newer analogues
with more established compounds. At present, there re-
mains insufficient evidence to justify a wholesale shift
toward the newer vitamin D agents. Nevertheless, the
future development of ‘designer’ vitamin D compounds,
whose distinct pharmacological characteristics afford
them an edge in the clinical arena, remains an appealing
prospect.

New Phosphate Binders

Hyperphosphataemia directly stimulates PTH syn-
thesis, accelerates parathyroid hyperplasia and forecasts
a poor response to treatment with vitamin D. Its signifi-
cance is not limited to the parathyroid/skeletal axis, how-
ever — hyperphosphataemia predicts cardiovascular
mortality in dialysis patients and, as part of the Ca x P,
is a risk factor for soft tissue and vascular calcification.
Moreover, phosphate appears to be more than just a pas-
sive participant in the process of uraemic vascular calci-
fication — its ability to accelerate the transformation of
vascular smooth muscle cells to an osteoblastic pheno-
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type, capable of in vitro bone matrix production, point-
ing to a more proactive role (see below) [17].

It is important to remember that the control of serum
phosphate is not the exclusive responsibility of phos-
phate binders. The contribution of the dialysis process
to achieving normophosphataemia is just as important.
The complex nature of phosphate handling on haemodi-
alysis mandates the need for regular, extended sessions
for adequate removal — the compromise of thrice weekly
schedules represents the bare minimum. Conversion
from conventional prescriptions to daily nocturnal hae-
modialysis virtually eliminates phosphate binder re-
quirements [18].

The ideal phosphate binder would safely and effec-
tively lower serum phosphate when used in a single, pref-
erably once-daily, regimen whilst not engendering any
significant clinical drawbacks. Aluminium hydroxide is
reasonably effective but highly toxic in some patients,
while an elevated calcium burden has cast a cloud over
calcium-based binders, particularly in the setting of con-
current vitamin D administration. Sevelamer hydro-
chloride is at the vanguard of a new generation of calcium
and aluminium free phosphate binding agents with oth-
ers, including lanthanum carbonate, in the pipeline.
Considered in terms of ability to reduce serum phos-
phate, sevelamer is comparable to, but no better than,
conventional binders. Thus, although Ca x P product
was a primary end point for the “Treat to Goal’ study, no
significant differences were found between sevelamer
and calcium-containing binders [19], and a calcium ac-
etate vs. sevelamer study suggested that calcium acetate
is superior to sevelamer in maintaining Ca x P product
below a 55-mg?/d]® target [20]. Sevelamer certainly has
potentially important advantages in that it does not in-
crease calcium load and is associated with fewer hyper-
calcaemic episodes than calcium-based agents. It has
been shown to reduce the tendency to soft tissue calcifi-
cation and renal damage in the uraemic rat [21] and at-
tenuate the progression of coronary and aortic calcifica-
tion in haemodialysis patients [19]. It also has the added
bonus of reducing total and LDL, while increasing HDL,
cholesterol. It is generally well tolerated, though gastro-
intestinal side effects are not infrequent. It is, however,
extremely expensive, a fact likely to preclude its use in a
number of countries.

New Prospects for the Management of
Renal Bone Disease

The Rise and Rise of ABD

The historical link between ABD and aluminium tox-
icity has little contemporary relevance. The major pres-
ent-day contributors to ABD are treatment with active
vitamin D, calcium overload and choice of peritoneal
dialysis as modality of renal replacement therapy. In ad-
dition, in a significant proportion of the CKD popula-
tion, the coexistence of other threats to the skeleton, in-
cluding age-related, or post-menopausal osteoporosis
and diabetes mellitus may predispose to the adynamic
lesion.

A low serum PTH, often in combination with hyper-
calcaemia, is our clinical surrogate for ABD. Though use-
ful, this may serve to exaggerate the importance of PTH
in the evolution of the disorder. The occurrence of ABD
in those with persistent elevations of PTH implies a de-
gree of PTH independence. Here, active vitamin D ther-
apy such as calcitriol may be culpable through an inhib-
itory influence on osteoblast function. Support for this
comes from the differential properties, at the level of
bone, of the new analogues of vitamin D. For example,
these have demonstrable differences in their ability to
stimulate the production of IL-6, an important paracrine
mediator of bone cell function [22]. In addition, the an-
alogue 22-oxacalcitriol has been shown to suppress PTH
in the uraemic dog without increasing the risk of ady-
namic bone [23]. PTH and calcitriol orchestrate the lat-
er steps in osteoblast and osteoclast differentiation. Oth-
er local growth factors and cytokines coordinate the
early stages; anomalies in the synthesis and secretion of
these may be more relevant to the development of ABD.
Moreover, since the classic osteotropic hormones and
local factors operate through the RANK-L/OPG system,
this pathway merits intense scrutiny in the context of the
pathophysiology, diagnosis and treatment of ABD.

At the Interface of Bone and Vascular Biology

The recent emergence of electron beam CT and elec-
trocardiogram gated multi-slice CT as viable techniques
for the non-invasive imaging of coronary vessels and the
aorta has rekindled interest in the contribution of vascu-
lar calcification to the excess cardiovascular mortality
encountered in the dialysis population. Moreover, the
finding of a positive association between coronary artery
calcification and oral calcium intake has called into ques-
tion the future role of both calcium-containing phos-
phate binders and calcaemic vitamin D analogues. The
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discovery of spontaneous arterial calcification in mice
carrying specific gene deletions coupled with the recogni-
tion of certain hitherto ‘bone-specific’ regulatory pro-
teins in calcified arteries, and the ability of several stim-
uli (including inorganic phosphate [17] and uraemic
serum [24]) to provoke calcification in cultures of vascu-
lar smooth muscle cells, has generated a new biological
paradigm that departs from the traditional view of high
calcium loads and elevations of the Ca x P product pro-
moting soft tissue mineral deposition via a passive pro-
cess only. The realisation that calcification is a complex,
coordinated process, with an intimate relationship to
skeletal metabolism has inevitably led to a re-examina-
tion of the relative contributions of hyperphosphatae-
mia, high Ca x P product, SHPT, ABD, uraemia per se
and currently available treatments to its development
and progression. It also raises the prospect of future
‘crossover’ treatments; for example bone morphogenetic
protein BMP-7 has recently been shown to have benefi-
cial effects in murine models of both uraemic vascular
calcification [25] and SHPT [26], while OPG, a promis-
ing treatment for bone loss, has also been shown to in-
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