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Abstract

Skeletal and extra-skeletal changes in chronic kidney disease are the result of deteriorating mineral homeostasis
with disruption of the concentrations of phosphorous, calcium and circulating hormones. With the improved
survival brought about by modern management strategies, early recognition of the prognostic determinants is of
paramount importance in improving the morbidity and quality of life of renal patients. The aim of this review is
to provide a skeletal perspective on the pathogenesis, radiological appearances, complications and principles of

management of patients with chronic kidney disease.
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Introduction

Chronic kidney disease (CKD) has become a major health
problem with about one in ten adults affected worldwide.!
As the kidney functions in CKD deteriorate, a progressive
disruption of mineral homeostasis leads to skeletal and extra-
skeletal complications which impact on the quality of life and
survival of patients. The skeletal changes, collectively
referred to as renal osteodystrophy, received the focus of
attention in the past. With the increased life expectancy
resulting from improved management strategies, long-term
extra-skeletal complications have become important
prognostic determinants in the CKD patient. The designation
‘CKD-Mineral Bone Disorder’ (CKD-MBD) has been intro-
duced to encompass the skeletal and extra-skeletal
morbidities in CKD patients.? The aim of this manuscript is to
present orthopaedic surgeons with an overview of CKD-
MBD with particular reference to skeletal involvement in the
CKD patient.

Mineral homeostasis and bone

Maintenance of serum calcium and phosphate concentra-
tions is dependent on the interaction between vitamin D,

fibroblast growth factor 23 (FGF23) and parathyroid
hormone (PTH). Activation of vitamin D is a multi-step
process beginning with UV irradiation of the skin followed
by hydroxylation in the liver, yielding 25-hydroxyvitamin D
(250HD), which is the main form in which vitamin D is
stored.®> 250HD is further hydroxylated by the enzyme
1-a-hydroxylase in the kidney as well as in other tissue sites
to produce 1,25 dihydroxyvitamin D (1,25(0H)2D), which
represents the active metabolite.* 1,25(0H)2D, among its
multiple effects on other metabolic activities, facilitates
calcium, phosphorous and magnesium uptake in the
gastrointestinal tract and retention of calcium in the kidneys.*
Through its involvement in calcium homeostasis,
1,25(OH)2D has a regulatory influence on parathyroid gland
function and the release of PTH. If serum calcium concentra-
tions fall, secondary hyperparathyroidism results in the
release of PTH which up-regulates osteoclastic activity,
thereby elaborating calcium from the skeleton. FGF23 is a
bone-derived hormone that influences phosphate concen-
trations by inhibiting its reabsorption in the proximal
tubules of the kidney through a mechanism independent of
PTH. In addition, FGF23 has a negative influence on
1,25(OH)2D concentrations by facilitating its catabolism
and suppressing the activity of 1-a-hydroxylase.**
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Pathogenesis of CKD-MBD

A progressive retention of FGF23 in CKD, resulting from a
drop in the glomerular filtration rate, has been reported to
counteract hyperphosphataemia. The increase in the concen-
tration of FGF23 also contributes to a reduction of the concen-
tration of 1,25(OH)2D, with hypocalcaemia and induction of
secondary hyperparathyroidism.”* PTH induces increased
bone remodelling which further stimulates the elaboration of
FGF23 by bone cells. In the more advanced stages of CKD
hydroxylation of 250HD is progressively impaired due to
the loss of functioning renal tissue. The lack of 1,25(OH)2D
results in decreased absorption of calcium in the gastroin-
testinal tract and reduced retention of calcium by the
diseased kidneys. The consequence is a further decrease in
the serum calcium concentration. Hyperphosphataemia
stimulates PTH secretion and elaboration of FGF23.°

Figure 1. Metastatic calcifications in the soft tissue over the

femoral neck (arrow) in a patient with tertiary hyperparathy-
roidism and hypercalcaemia. Note the severe osteopaenia.

periarticular muscle of a patient with advanced CKD (H&E
stain x100)

The latter initially inhibits PTH secretion but this inhibitory
effect is lost with the development of parathyroid hyper-
plasia in advancing CKD. The impact on bone is defective
mineralisation of osteoid (due to low serum calcium concen-
trations), up-regulation of bone metabolism with activation
of osteoclasts (due to PTH overproduction) resulting in loss
of mineralised bone and enhanced release of FGF23. In
uraemia the parathyroid glands becomes relatively resistant
as evidenced by the high PTH concentrations despite high
FGF23 concentrations. Although this mechanism serves as a
feasible explanation for depletion of mineralised bone in
patients with CKD, care should be taken not to oversimplify
the disease process.

The metabolic effects of CKD on the skeleton are
compounded by several factors. In patients with prolonged
secondary hyperparathyroidism, the parathyroid glands
may fail to respond to serum calcium concentrations, and an
irreversible phase of PTH overproduction, designated as
tertiary hyperparathyroidism, could develop.® The
mechanism involved in the transformation of parathyroid
function towards autonomous PTH release is unclear. With
tertiary hyperparathyroidism the parathyroid response to
conventional management becomes ineffective and may
require parathyroidectomy to correct.

If the release of calcium through bone catabolism results in
prolonged hypercalcaemia, progressive soft tissue calcifi-
cation, also referred to as ‘metastatic calcification’ occurs
(Figure 1). There is a significant correlation between hyper-
calcaemia and the higher risk of vascular and valvular calci-
fications in patients on long-term haemodialysis.” More than
half the deaths of patients with end-stage CKD are due to
cardiovascular complications and the annual cardiovascular
mortality rate is more than ten times that of age-matched
non-renal disease patients.® Calciphylaxis, a rare and life-
threatening condition where progressive cutaneous necrosis
secondary to cutaneous blood vessel calcification occur, may
complicate CKD.” Long-term administration of corticos-
teroids, as part of the management regimen of certain chronic
kidney diseases as well as in recipients of transplanted
kidneys, contributes not only to a reduction of the activities
of all cells involved in bone metabolism, but also suppresses
intestinal calcium uptake.”

Recent advances in the management of CKD impact
positively on the survival of patients. For this reason other
chronic complications like $2 microglobulin amyloidosis' are
becoming more pertinent in the literature. The latter results
from a reduction of 32 microglobulin excretion, and although
modern dialysis modalities allow improved removal of (32
microglobulin, long-term dialysis may contribute to deposits
in joints, bone and the surrounding soft tissues® (Figure 2).
The destructive arthropathy and development of
subchondral radiolucencies due to the (2 microglobulin
amyloid deposits are difficult to distinguish radiologically
from brown tumours and it is not surprising that the
presence of these deposits has been associated with an
increased femoral fracture risk.** B2 microglobulin has
recently been reported to stimulate osteoclastogenesis,”
supporting its direct role in bone catabolism in patients with
CKD.

There is a significant correlation between hypercalcaemia
and the higher risk of vascular and valvular calcifications
in patients on long-term haemodialysis
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Changes in the composition of tissue fluid, resulting from
the accumulation of the catabolytes of metabolism due to the
reduced glomerular filtration rate of advanced CKD, has a
negative impact on metabolic activities of most cells,
including those involved in bone metabolism. This together
with the changes in volume distribution makes the interpre-
tation of some of the biochemical parameters used to monitor
bone metabolism in patients with advanced CKD debatable.
For these reasons bone biopsy submitted to a laboratory
acquainted with histomorphometric techniques provides
superior information on the volumes of mineralised bone,
osteoid and bone cell activities in the advanced stages of
CKD.*

Microscopic and radiological appearances of
renal osteodystrophy

The initial microscopic features of renal osteodystrophy are
wide osteoid seams due to a reduced mineralisation rate and
increased osteoclastic bone resorption due to elevated PTH.
These features are the hallmarks of osteomalacia (or rickets in
the growing skeleton).” With the aid of static and dynamic
histomorphometry, which requires tetracycline labelling and
special fixation techniques, these changes can be measured
and compared to age-matched norms," providing valuable
information on the stage of skeletal catabolism as well the
monitoring of the efficiency of a management strategy
employed.

The earliest radiological signs of skeletal involvement are
reported to be resorption of the phalanges (Figure 3a and 3b)
which starts as sub-periosteal resorption of the radial aspects
of the middle phalanges of the hands and sub-endosteal and
intra-cortical resorption of long bones. In a more advanced
stage, a reduction of the cortical width of long bones and
bowing or even fracture of weight-bearing bones occur, and
a generalised lack of mineralised bone, with radiological
features similar to osteoporosis may develop. Vertebral
fractures may change the shape of the thoracic cage and
sacro-iliac deformities may impair the ability to walk.

Foci showing fulminant bone resorption with fibrous
replacement (Figure 4), referred to as osteitis fibrosa, is the
result of surplus PTH due to over-active parathyroid glands.
This metabolic state is designated as ‘high turnover osteody-
strophy’* and manifests radiologically as well-defined areas
of radiolucency often erroneously described as ‘osteitis
fibrosa cystica’ or ‘brown tumours of hyperparathyroidism’*
(Figure 5). ‘Osteitis fibrosa cystica’, a term created by Von
Recklinghausen in the nineteenth century® is neither an
‘osteitis’ nor ‘cystic’, but merely the end stage manifestation
of PTH-induced fulminant bone resorption. The ‘brown
tumour of hyperparathyroidism’ first described in 1953 is
not a ‘tumour’ in a pathological sense but rather a reparative
process. Other sites in the skeleton may show a more diffuse
granular appearance also described as a ‘salt and pepper’
appearance due to trabecular coarsening.” Bone replacement
by fibrous tissue is particularly incapacitating in the growing
skeleton. The radiological differential diagnosis of high
turnover osteodystrophy in children includes fibrous
dysplasia. The former is characterised by its poor corti-
comedullary definition, a feature not found in fibrous
dysplasia.* The term ‘uraemic leontiasis ossea” was applied
in the past to rare cases in which enlargement of the facial
bones, due to the high turnover osteodystrophy, was a
prominent clinical feature.

Figure 3a. Radiograph of the right hand showing resorption
of the terminal phalanges in a patient with CKD and hyper-
parathyroidism

Figure 3b. Clubbing of the fingers of the patient depicted in
Figure 3a

In practice the distinction
between the different skeletal
changes may be difficult as
osteomalacia, osteoporosis and
high turnover osteodystrophy
may occur together in the same
patient. Radiological demon-
stration of pseudofractures (or
looser’s zones) affecting the
scapula, pubic rami and
proximal femurs may aid in
diagnosing osteomalacia. In a
significant number of patients a
clear distinction between the
skeletal changes is not possible
and the term ‘mixed bone
disease’ is used to describe this
hybrid manifestation of renal
osteodystrophy.®

Adynamic bone disease is a
variety of renal osteodystrophy
characterised by a complete
absence of metabolic activity on
bone surfaces, no accumulation
of osteoid and low-to-normal
serum PTH concentrations.®

Figure 4. Multiple well-
defined radiolucent
lesions (‘osteitis fibrosa
cystica’) in the diaphysis
of the tibia of the left leg.
The arrows indicate
vascular calcifications.
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This pattern is best diagnosed with a bone biopsy. It is
found in a high percentage of patients on dialysis but also
in CKD patients treated rigorously with calcium or vitamin
D derivatives, diabetics or those who received unnecessary
parathyroid surgery. Although the pathogenesis is not
clear and many factors may be implicated, it appears as if
uraemia contributes to the down-regulation of PTH
receptors on bone cells.”

Management of renal osteodystrophy

Addressing the bone changes associated with CKD is
complex and it is not within the scope of this paper to
provide a detailed account thereof. More information can
be obtained from a recently published, evidence-based
systematic review published under the auspices of Kidney
Disease International Global Outcomes (KDIGO).? In
summary the primary approach in the management should
be focused on the restoration of renal function through
dialysis or renal transplantation thereby preventing the
adverse cardiovascular and skeletal complications of CKD-
MBD. From a skeletal perspective, the mainstay of the
management includes normalisation of serum calcium,
serum phosphate and PTH concentrations. The use of
calcimimetic drugs in end-stage renal disease have been
shown to reduce the levels of PTH, calcium and phosphate
as they mimic the action of calcium.?* The manipulation of
serum calcium can be supplemented by controlling dietary
calcium intake and/or diasylate calcium content. A
reduction of dietary phosphate intake contributes towards
achieving phosphate homeostasis.® Administration of
vitamin D metabolites (or calcitriol, a 1,25(OH)2D
analogue®) corrects the deficiency of 1,25(OH)2D and
suppresses secondary hyperparathyroidism, thereby
addressing the skeletal morbidity of high turnover
osteodystrophy. Novel vitamin D analogues have been
developed which may in future have advantages in
preventing vascular calcifications resulting from the
manipulation of the calcium-phosphate product in the
extracellular fluid.*” A bone biopsy may provide decisive
information as vitamin D metabolites do not improve
adynamic renal osteodystrophy.® Indications for a
parathyroidectomy are persistent and non-responsive
hypercalcaemia due to tertiary hyperparathyroidism,
progressive soft tissue calcification and persistent high
turnover osteodystrophy after all strategies of reducing
serum calcium concentrations have been exploited.*

Conclusion

An understanding of the pathogenesis of CKD-MBD is
essential for preventing the slumbering skeletal and extra-
skeletal complications in the renal patient. Restoration of
serum calcium, phosphate and PTH concentrations not
only addresses the catabolism of bone but also plays an
important role in improving the mortality rate and quality
of life of patients suffering from renal disease.

Figure 5. The arrows indicate osteoclasts involved in active
bone resorption in a biopsy of a patient with hyperparathy-
roidism. Fibrous replacement is present in the area cleared of
bone (indicated by the star) (H&E stain, magnification x200).
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