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Abstract

Background.

Chronic Renal Failure (CRF) is associated with poor growth; renal osteodystrophy is 

one aetiology. Parathyroid Hormone (PTH) is the major circulating factor affecting 

bone turnover. Clinicians therapeutically manipulate PTH levels, however, optimum 

levels are undetermined.

Aims.

To investigate relationships between PTH, long carboxyl-terminal PTH fragments (C- 

PTH), growth, bone mineral density (BMD) and bone histology in children with 

CRF.

Methods.

1. Case-note analysis; investigating relationship between growth and PTH.

2. Prospective study following children with varying degrees of CRF; investigating 

relationship between PTH levels, PTH/C-PTH ratio, growth and BMD.

3. Bone biopsy study; investigating relationship between bone histology, growth, 

BMD and surrogate markers of bone turnover.

Results.

1. Ninety-nine case-notes were analysed. Median inclusion age 1.6 years, median 

GFR 22mls/min/l .73m^; data collected for 3.6 years. Median PTH was equal to 

upper limit of normal range (NR). Significant gains in height standard deviation 

score (Ht-SDS) were achieved, +0.09 per year.
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2. One-himdred-ninety-four children, 127 with a GFR<60, 26 on dialysis and 41 

transplanted patients with a GFR<60, were followed for a mean 1.1 years. Good 

growth with no change to Ht-SDS was demonstrated. Growth was best with NR 

PTH levels and with higher PTH/C-PTH ratio. This ratio decreased with 

worsening CRF, in dialysed patients and with PTH levels outside NR.

3. Fifteen patients had bone biopsies at transplantation or dialysis catheter insertion. 

All had abnormal bone histology. PTH and bone specific alkaline-phosphatase 

levels correlated and both also correlated with bone turnover.

Conclusion.

In children with CRF calcium, phosphate and PTH can be maintained within the NR 

using dietary phosphate restriction, calcium based phosphate binders and small doses 

of alfacalcidol. Children with NR PTH levels maintain good growth and normal 

BMD. Nevertheless by the time they reach end-stage renal failure they are likely to 

have renal osteodystrophy.
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1 Introduction

In the UK there are currently around 800 children who are dialysed or transplanted 

(Ansell 2002) and many more with chronic renal failure (CRF). Mortality is low so 

that most enter adult programmes. CRF has multiple systemic effects (Horl 1998); the 

skeletal comphcations are described by the term renal osteodystrophy (ROD). Renal 

osteodystrophy is a multifactorial disease of disordered bone remodelling that 

develops from the disrupted mineral, vitamin and hormone homeostasis consequent 

upon the failing kidneys’ deteriorating excretory and metabolic functions.

The bone remodelling process comprises two opposing processes; formation and 

resorption. In renal osteodystrophy the balance between these two processes is 

altered; they become ‘uncoupled’. A spectrum of skeletal disease can develop 

depending upon the degree to which different pathogenic factors (disease features and 

iatrogenic interventions) dominate (Goodman 1999; Hruska 1995; Reichel 1998). 

Bone biopsy with subsequent histological and histomorphometric assessment is the 

most informative diagnostic tool in the evaluation of the type and severity of renal 

osteodystrophy (Malluche 1994). However, this is an infrequently and decreasingly 

used technique (Urena 1999) and is only used in paediatrics in one or two centres 

internationally. Parathyroid hormone (PTH) is the main systemic factor that regulates 

bone turnover, having both anabolic and catabolic effects (Hock 2001b). Serum PTH 

levels are used as a surrogate marker of bone turnover and as a predictor of bone 

histology (Ferreira 1998; Urena 1999) and several studies have been conducted with 

the aim of defining the optimal range of PTH in patients with CRF and end stage renal 

failure (ESRF) (see 1.7.2). Supra-physiological levels are the norm in clinical practice
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Unfortunately the elucidation of an optimal range for PTH is far from straightforward 

and controversies abound. Although PTH is central to the pathogenesis and evolution 

of ROD (Goodman 1999) the relationship between PTH levels and ROD is 

complicated for several reasons: the disruption of mineral and vitamin homeostasis 

associated with CRF also have pathological effects upon the parathyroid glands 

(Slatopolsky 1999); the ability to manipulate the parathyroid gland and PTH levels by 

therapeutic interventions that may in themselves adversely affect bone biology; the 

multi-factorial nature of ROD (Kuizon 2002); and recent advances in the specificity 

of PTH assays that suggest current assays overestimate actual PTH levels 

(Slatopolsky 2000). The situation is further complicated by the reversal of this cause 

(PTH) and effect (ROD) relationship as poor bone health may lead, for example, to a 

reduced skeletal ability to buffer serum calcium, which turn will affect the parathyroid 

gland and thus PTH secretion. Nevertheless, it is a measure of the role of PTH in 

ROD that serum PTH levels have been found to be a relatively useful surrogate 

marker of bone histology for large groups of patients mainly with ESRF. However, 

given the complexities and multi factorial nature of ROD it is not surprising that for an 

individual, PTH levels may not distinguish between the different types of ROD (Qi 

1995; Solal 1991). The invasive nature of bone biopsy means that although it remains 

the gold standard in assessing bone health it is not an ideal investigation, although it is 

vital to determine the nature and severity of the ROD in order to offer the appropriate 

therapy. Thus it is hoped that newer PTH assays and perhaps assays for other markers 

of bone turnover will provide clinically useful surrogate markers of bone turnover.

The clinical manifestations of ROD are frequently not overt until there is severe 

disease. Most patients have few signs or symptoms of the following features that
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remain uncommon until advanced renal failure: bone pain, muscle weakness, skeletal 

deformities, calciphylaxis and, in children, growth retardation.

Growth retardation is one of the many complications of CRF; between one quarter 

and a half of children in CRF are below the centile for height (Fivush 1998). 

Growth retardation starts early in the course of CRF, perhaps when there is less than 

50 % function, and becomes worse as renal function deteriorates (Vimalachandra 

2001). It is of concern to many patients and their families (Reynolds 1995) and there 

has been httle evidence of improvement in height prognosis from reports over the last 

decade (Rees 2000). This is despite advances in the management of recognised causes 

of poor growth, which are nutritional and biochemical abnormalities and disturbances 

to the growth hormone/insulin-like growth factor axis. One area of growth 

management that requires further investigation is that of ROD and in particular the 

importance of PTH in its pathogenesis and evolution.

This chapter summarises the following topics

• Basic bone biology and aspects of growth with emphasis upon the role of the 

skeleton.

• Biosynthesis, metabolism and physiological actions of PTH and PTH 

fragments

• Cellular aspects of the role of PTH molecules in the bone remodelling process

• Mineral and vitamin disturbances in CRF that culminate in secondary 

hyperparathyroidism
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• Other pathogenic factors involved in the development of ROD

• Various forms of ROD and their clinical manifestations

• The management of ROD

• Developments in PTH assays and associations between PTH levels and bone 

turnover

• Other surrogate markers of bone turnover

• The use of DEXA scans for assessing bone mineral density

• Bone biopsy, processing and histological examination.
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1.1 Basic Bone Biology

The following section covers the anatomy and micro structure of bone with an 

emphasis on long bones. The main skeletal cell types are then discussed. These cells 

work together to remodel bone, the process that is at the heart of bone development 

and growth. The details of this process and its role in growth are highlighted.

1.1.1 Bone Structure

Bone is a connective tissue; its constituents are cells and extra-cellular matrix, which 

is particularly abundant. The matrices are composed of collagen fibres (90% type 1) 

and ground substance (glycoproteins and proteoglycans) that facilitate the 

calcification process whereby crystals of hydroxyapatite [3Ca3(P04)2] (OH)2 are 

deposited on and within the collagen fibres. The collagen fibres are highly organised 

in layers, giving a lamellar structure. However, under certain circumstances this 

organisation is not apparent and the orientation of the collagen is random; this results 

in the formation of woven bone (see 1.1.4 .1).

Bone has three major functions: mechanical, protective and metabolic. It is the 

metabolic function that is most relevant to ROD, although in severe disease the 

mechanical integrity may also be affected (Baron 1999; Kaplan 1994).

Long Bones

There are two types of bone with different types of development (see 1.1.4); flat 

bones (e.g. skull) and long bones (e.g. tibia). Long bones are most numerous and are 

intimately involved in linear growth. There is one epiphysis at each end of the shaft or 

diaphysis. Between these is the metaphysis, a developmental area, and in growing
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bones the growth plate or epiphyseal cartilage separates the metaphysis from the 

epiphysis (see Figurel.i); this layer, the growth plate, is responsible for longitudinal 

growth (see 1.1.4.3). The cortex is a dense layer of calcified tissue that forms the 

outer portion of the diaphysis; the medullary cavity is enclosed within this. At either 

end of the diaphysis the cortex becomes gradually thinner. Here the internal cavity is 

composed of cancellous or trabecular bone, as it consists of a network of thin 

trabeculae. The surfaces of the epiphyses that are involved in the joint are covered 

with articular cartilage, which does not calcify. The remaining surface of the 

epiphyses and diaphysis are covered externally with periosteum and internally with 

endosteum. The endosteal bone surface of trabecular bone accounts for the majority 

of the interface between bone and soft tissue and thus it is trabecular bone that 

performs most of the metabolic function of bone (approximately eight times that of 

cortical bone); biopsy of trabecular bone is essential in investigating ROD (Baron 

1999; Kaplan 1994).

1.1.2 Cellular Aspects

The cells of the skeletal system are derived from mesenchymal and haemopoetic stem 

cells. The former give rise to osteoblasts, which terminally differentiate into 

osteocytes and may also differentiate into chondroblasts, whereas haemopoetic stem 

cells are the originators of osteoclasts. These different cells are now discussed.
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Figure l.i Diagrammatic Section Through Growing Long Bone.
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1.1.2.1 The Osteoblast

Osteoblasts are bone-lining cells that are involved in bone formation, the laying down 

of osteoid; they originate from pluripotent mesenchymal stem cells. These precursor 

cells proliferate and differentiate into pre-osteoblasts and subsequently develop into 

mature osteoblasts, as long as specific stimuli occur. The multiple stages of osteoblast 

growth and differentiation are regulated by numerous growth factors, cytokines and 

hormones (see Figurel ii). Full details are beyond the scope of this thesis. However, it 

is important to mention a few of the key factors and those most relevant to this work 

are mentioned. Early in the process tissue growth factor-pl (TGF-pl) is an important 

mitogen for osteoprogenitors and bone morphogenetic proteins (BMP) are important 

inducers of osteogenesis. PTH and 1,25 (OH): vitamin D act later on as the 

osteoprogenitors become committed pre-osteoblasts, influencing cell proliferation. 

These cells are found in close proximity to surface osteoblasts; at this point 

proliferation stops and the cell differentiates into a cuboidal osteoblast. These cells 

have surface receptors for PTH and express, in their nuclei, receptors for 1,25 (OH): 

vitamin D and oestrogen. Osteoblasts do not fimction individually but rather in groups 

of 100 to 400 cells which are termed bone-forming units (BFU). They line the layer of 

matrix (osteoid) that they produce before it mineralises. The existence of osteoid is 

the result of a time lag, of about 10 days, between matrix formation and 

mineralisation; this period is altered in the disease state (see 1.5.2.2). Active cells are 

enriched with alkaline phosphatase, hence its use as a marker of bone formation (see 

1.7.3). Once they have finished secreting osteoid the cells become flat lining cells of 

the endosteum or periosteum or they may become osteocytes or they undergo



- 3 4 -

apoptosis (see Figurel .ii) (Aubin 1998; Baron 1999; Hock 2001a; Lian 1999; Raisz 

1999).

1.1.2.2 TheOsteocyte

Osteocytes are terminally differentiated bone forming osteoblasts (see 1.1.2.1) that are 

embedded in small lacunae in the bone matrix. They have numerous long processes 

that lie in a network of canaliculi within the calcified bone; these processes allow 

contact between osteocytes and with cells lining the surface (osteoblasts and lining 

cells of the periosteum and endosteum). It is likely that osteocytes modulate signals 

due to mechanical stresses resulting in the appearance and disappearance of bone 

tissue at a microscopic level, allowing bone to develop to the body's mechanical 

requirements (Baron 1999; Lian 1999; Noble 2000).

1.1.2.3 The Osteoclast

Osteoclasts are bone-lining cells tliat are involved in bone resorption, the process of 

hydroxyapatite dissolution and collagen fibre digestion, leading to the release of 

calcium and phosphate from the matrix and hydroxyproline and collagen peptides 

(which can be used as markers of bone resorption see 1.7.3) from collagen.

Osteoclasts are derived from haemopoietic (bone-marrow) stem cells, probably from a 

mononuclear/phagocytic cell lineage. They are characterised by their multinucleated 

form (4- 20 nuclei) and large size. The stages of osteoclast growth and differentiation 

are shown in Figure 1 iii. Once activated (see 1.1.3) osteoclasts are found in contact 

with the mineralised bone surface to which they have become attached. Bone 

reabsorption then takes place on the area of bone isolated under the region of cell
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attachment, creating a pit or so called Howship Lacuna. The resorptive process is 

achieved firstly by acidification of this extracellular compartment, which results in dé

minéralisation. Lysosomal enzymes are then able to degrade the underlying matrix 

proteins. The fate of osteoclasts following resorption is to undergo apoptosis (Baron 

1999; Heymann 1998; Kaplan 1994; Lian 1999; Raisz 1999).

1.1.2.4 The Chondroblast and Chondrocyte

The same mesenchymal stem cells that differentiate into osteoblasts may also develop 

into chondroblasts, which differentiate into chondrocytes. Chondroblasts synthesise a 

cartilaginous matrix within which they become embedded, and differentiate into 

chondrocytes, which continue to proliferate (in contrast to osteocytes). These cells are 

pivotal to the longitudinal growth of long bones. The cell cycle and role of these cells 

is discussed below (see 1.1.4.3). Proliferation and differentiation of chondrocytes has 

been shown, mainly from in vitro studies, to be regulated by various endocrine, 

paracrine, and autocrine factors including members of the insulin-like growth factor 

(IGF) network, TGF-6 and 1,25 ( 0 %  vitamin D. Parathyroid hormone related 

peptide (PTHrP) acts to keep chondrocytes proliferating, by binding to the PTH 

receptor (PTHR); a dose-dependent stimulation of proliferation has been observed. 

The role of PTH awaits investigation. The PTHR is abundantly expressed in 

chondrocytes as they end prohferation and begin to hypertrophy, thus it is likely that 

PTH has a similar role to that of PTFIrP in prolonging the proliferative phase 

(Cancedda 1995; Green 2003; Kronenberg 2003; Olsen 1999; Schipani 1996).
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Figure 1 .ii. Osteoblast Lineage. Schematic showing the developmental progression from stem cell to 
osteocyte and/or apoptosis. The morphological features of differentiating osteoblasts are illustrated at 
each stage and some of the factors that promote differentiation at specific stages are listed.
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1.1.3 Remodelling

The bone remodelling process is involved in both bone growth and bone turnover. 

Bone remodelling consists of the activation-resorption-formation (A-R-F) sequence, 

which starts with activation of osteoclast precursors and is followed by osteoclast 

resorption. Once this is complete the reversal phase takes place. This is the process 

whereby the actions of osteoclasts and osteoblasts are ‘coupled’; uncoupling is a 

feature of some forms of ROD. Pre-osteoblasts migrate to the resorbed surface where 

they differentiate into mature osteoblasts that then begin production of osteoid. The 

A-R-F sequence is then completed by minerahsation.

This complex series of sequential events is, as miglit be expected, highly regulated by 

many factors, both systemic and local. Some of those known to be relevant to this 

work are mentioned below (see 1.1.3.1 to 1.1.3.5) (many more are not) in a more 

detailed description of the A-R-F process.

Remodelling in the context of bone growth is discussed in section 1.1.4.3. By early 

adult life, once growth has ceased, the skeleton remains metabolically active. This is 

achieved through bone remodelling, which continues in the form of bone turnover. 

The remodelling cycle occurs in discrete zones in response to i) 

mechanical forces or microdamage, to maintain structural integrity or ii) hormonal 

triggers (PTH and 1,25 (0H)2 vitamin D), aimed at calcium and phosphate 

homeostasis (Baron 1999; Hock 2001b; Hruska 1995; Mundy 1999; Raisz 1999).
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1.1.3.1 Activation

The activation and differentiation of osteoclast precursors into cells capable of 

resorption is mediated by cell-to-cell contact with osteoblast and osteoclast 

precursors. Both PTH and 1,25 (0H)2 vitamin D increase the expression on the 

osteoblast cell surface, of RANKL (Receptor Activator o f NF-kB bgand). This ligand 

is recognised by RANK, which is expressed on the surface of osteoclast precursors. 

Binding between these two, in the presence of certain growth factors, results in cell- 

to-cell interactions and the differentiation into pre-fusion osteoclasts follows. RANKL 

is then also involved in the fusion of these cells into multinucleated osteoclasts and 

their subsequent activation. This process is inhibited by osteoprotegerin (OPG), a 

soluble factor or decoy receptor, which binds to RANKL preventing cell-to-cell 

communication (see Figure 1 .iii). OPG is an hnportant factor in osteoclastogenesis 

and regulation by PTH may play a role; levels of OPG are raised in CRF patients and 

thus may contribute to inhibition of osteoclastogenesis and ROD (Aubin 2001; Coen 

2002a; Onyia 2000; Suda 1999; Yasuda 1998).

1.1.3.2 Resorption

This process, in which osteoclasts remove bone, is described above (see 1.1.2.3). As 

with activation, it is likely that ceU-to-cell osteoblast-osteoclast interaction is required 

for the induction of osteoclastic bone resorption. PTH and 1,25 (0H)2 vitamin D are 

likely to be involved via actions on osteoblasts. However, it has also been 

demonstrated that 1,25 (0 H)2 vitamin Dmay exert direct effects upon osteoclasts. 

(Brown 1999a; Mee 1996; Raisz 1999)
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1.1.3.3 Reversal

At some point during resorption, there is a trigger or series of triggers that halt 

osteoclast activity; osteoclasts subsequently undergo apoptosis. Then, macrophage

like mononuclear cells are seen at the bone mineral surface and a layer of 

proteoglycans is deposited, the cement line that connects old and new bone. 

Osteoblastotrophic factors, such as TGF-p, BMPs and members of the IGF 

family/network, are released either from resorbed bone or by cells activated by the 

resorptive process. These factors probably act as chemotaxins but may also be 

involved in cell proliferation and differentiation along with systemic factors (see 

Figure 1 iii). In ROD the coupling of bone formation to bone resorption is often 

disrupted and this uncoupling plays an important role in the pathogenesis of the 

disease process (Hock 2001b; Mundy 1999; Raisz 1999).

1.1.3.4 Osteoblast Migration and Differentiation

The activation of latent factors from the bone matrix, such as TGF-p, act as mitogens 

for osteoblast precursors. The complex progression from osteoblast progenitor cells to 

bone lining osteoblasts producing osteoid has been discussed (see 1.1.2.1 and Figure 

1 .ii); both PTH and 1,25 (0H)2 vitamin D are involved in the later stages (Goodman 

1999; Mundy 1999).
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1.1.3.5 Osteoid Formation and Minéralisation

Osteoid formation is the first step in bone formation. It consists of the laying down of 

extra-cellular matrix; the effects of PTH on bone formation are discussed in 1.3.2.3 

Once the osteoid, consisting primarily of type 1 collagen fibres, is laid down 

mineralisation can take place. Initially this is facihtated by the release of extra-cellular 

bodies that are membrane bound vesicles, fi'om osteoblasts (or chondrocytes). Apatite 

will not precipitate spontaneously as body fluids are usually undersaturated. The 

vesicles allow the accumulation of calcium and phosphate ions and provide enzymes 

that degrade inhibitors of mineralisation. The exact process of mineral crystal 

formation is not understood, but once the first crystals are formed further ions are 

added and the crystal grows. Ions such as magnesium, aluminium and strontium can 

also be incorporated instead of calcium disrupting the crystal lattice and influencing 

its physical properties. Acidosis, a feature of CRF, is detrimental to the mineralisation 

process. Calcium chelators such as tetracycline bind to the surface of the most 

recently formed mineral; as they are fluorescent they can be used to label bone (see 

1.8) (Lian 1999).

1.1.4 Bone Development and Growth

The two different types of bone (flat and long) develop differently. Flat bones such as 

the skull develop by intramembranous ossification and long bones such as the femur 

develop by endochondral ossification that involves an initial cartilaginous phase.
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1.1.4.1 Intramembranous Ossification

Flat bones such as the skull, scapula, mandible and ilium are formed by 

intramembranous ossification, which involves the replacement of sheet-like 

connective tissue membranes with bony tissue. Mesenchymal cells form 

condensations (clusters of cells) and develop into osteoblasts that produce bone 

matrix with no preferential organisation; calcification is therefore slow and 

disordered. This is woven bone. It also contains numerous large osteocytes. 

Remodelling following the A-R-F sequence described in section 1.1.3 occurs, 

resulting in the deposition of organised lamellar bone (Baron 1999; Kronenberg 

2003).

1.1.4.2 Endochondral Ossification

This is the term given to the process of mineralisation of a hyaline cartilage long bone 

template. This cartilage template, created by chondrocytes, is infiltrated with blood 

vessels and osteoblasts fi’om the perichondrium (that becomes the periosteum). The 

osteoblasts form a collar of compact bone around the diaphysis and the central core of 

cartilage is also invaded by osteoblasts, forming the primary ossification centre. 

Ossification then continues towards the ends of the bones. A similar process takes 

place, usually after birth, in the epiphyses; this creates secondary centres of 

ossification. When this process of endochondral ossification is complete, the hyaline 

cartilage is totally replaced by bone except on the surface of the epiphyses, which 

have articular cartilage, and a region of hyaline cartilage remains between the 

epiphyses and diaphysis. This is the epiphyseal growth plate (Baron 1999; Kaplan 

1994; Kronenberg 2003; Olsen 1999).
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1.1.4.3 Longitudinal Growth

Longitudinal growth of long bones occurs at the epiphyseal growth plate; this growth 

is controlled by proliferation and differentiation of growth plate chondrocytes (see 

1.1.2.4). The cartilaginous growth plate is divided into several histological zones. 

Below the secondary centre of ossification is the reserve zone fi*om which 

chondrocytes enter the proliferative zone. Here they undergo cell division and a 

longitudinal column of cells is produced. The cells then exit fi*om the cell cycle and 

enlarge to become pre-hypertrophic and then hypertrophic chondrocytes, creating the 

hypertrophic zone before undergoing apoptosis. These hypertrophied cells, by virtue 

of their size, are of great significance to bone growth. They synthesise collagen (type 

X, which is different fi-om that produced by osteoblasts), they are then responsible for 

matrix calcification, producing a zone of provisional calcification, and for attracting 

osteoclasts.

Migration of osteoclasts results in remodelling. In fact, two A-R-F sequences then 

take place. The calcified cartilage is partially resorbed by osteoclasts before being 

replaced by woven bone produced by osteoblasts; the primary spongiosa is formed. 

Once this first cycle is complete the primary spongiosa undergoes a second A-R-F 

sequence to become secondary spongiosa or mature trabecular bone, in which the 

primary spongiosa is replaced by lamellar bone.

The process is terminated following puberty when growth plates disappear (Baron 

1999; lannotti J 1994; Kronenberg 2003; Olsen 1999).



-44  -

1.1.4.4 Widening

Even though bones stop growing in length in early adulthood, they continue to 

increase in diameter through out life, in response to stress from increased muscle 

activity or to weight. Osteoblasts in the periosteum form compact bone around the 

external bone surface. At the same time, osteoclasts in the endosteum resorb bone on 

the internal endosteal surface. Tliis results in widening of the shaft and metaphysis 

(Baron 1999).
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1.2 Growth

Growth failure is common in CRF. Along with the medical advances that have been 

made in the treatment of CRF, advances have been made in the treatment of growth 

failure; namely in the optimisation of nutrition, correction of biochemical 

abnormalities and the prescription of growth hormone. The optimisation of ROD in 

growth failure remains a challenge.

The following section describes the epochs of growth and their regulatory factors and 

highlights some of the influences upon skeletal growth. Dietary aspects and handling 

of calcium and phosphate are discussed. The measurement of height and the 

calculation of growth rates are also described.

1.2.1 The Stages of Growth

Growth is split into three periods; infancy, childhood and puberty. Each period of 

growth is associated with particular hormonal and/or metabolic factors.

During infancy and up to about 2 years of age growth is relatively rapid; the greatest 

velocity is during the very first months of life. In the first three months growth 

velocity is around 3 cm/month, but by 1 year of age the rate is a little over 1 

cm/month. During this period the key factor affecting the growth rate is nutrition. 

During the childhood years by comparison growth is relatively slow; children grow by 

about 0.5 cm/month. The rate is not constant and comes in spurts, seasonahty being 

influential. From just less than 1 year of age, although nutrition remains an important 

contributor, the role of growth hormone (GH) and IGF network in determining the 

growth rate become more important.
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The final period of growth is that of puberty. Until around the age of 10 there is little 

difference in the growth rate between the sexes. At this age girls generally enter into 

puberty and boys follow about 2 years later. At this point the hypothalamo-pituitary- 

gonadal axis becomes dominant and the pubertal growth spurt takes place. During this 

period the growth rate peaks on average at almost double the childhood rate: 0.8-0.9 

cm/month compared to 0.5 cm/month. Boys in the UK generally end up about 14 cm 

taller than girls; this difference consists of two elements. Firstly, as boys enter puberty 

two years later than girls they grow about an extra 10cm before puberty begins. Boys 

also undergo a more intense pubertal growth spurt than their female counterparts, 

which adds approximately an extra 4 cm to their final height.

The pubertal growth spurt lasts about 2-3 years, following which the growth rate 

gradually tails off (Preece 1999; Salusky 1994).

1.2.2 Influences on Skeletal Growth

The growth of long bones is dependent upon proliferation of epiphyseal plate 

chondrocytes (see 1.1.4.3); GH and the IGF axis and androgens are important in 

stimulating proliferation of chondrocytes in the growth plate during childhood and 

puberty. Towards the end of adolescence, within the growth plate the balance between 

the proliferation zone and the maturing zone of primary calcification shifts away fi'om 

proliferation. The proliferating zone becomes narrower until fusion of the epiphysis 

occurs. The major circulating factors thought to be important to the process of growth 

plate elimination are oestrogens; a number of local factors are also involved.

Although growth in girls is complete by about 18 years and in boys by about 20 years, 

continued growth after these ages has been observed in CRF patients especially those 

with the worst growth deficit (Andre 2003; Gertner 1999; Salusky 1994).
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1.2.3 Mineral Accretion During Skeletal Growth

1.2.3.1 Calcium

Ninety nine percent of body calcium, the most plentiful electrolyte in the body, is 

within the skeleton, mostly as hydroxyapatite crystals. The remainder is found in the 

teeth, soft tissues and the extracellular fluid (ECF). At birth there is about 21 grams of 

calcium in the body, this increases many fold to an average 1 to 1.3 Kg in the adult. 

Therefore on average the body retains 150-200 mg of calcium per day to satisfy the 

needs of the growing skeleton. About 20 % of ingested calcium is absorbed ftom the 

intestine. The dietary requirements by age are shown in Table l .i. During puberty, 

when over one third of the body’s total accumulation of calcium takes place, there is 

an increase in dietary needs; tlie exact role played by pubertal hormones in this 

process remains uncertain. There is a well-defined pubertal increase in 1,25 (0H)2 

vitamin D levels during puberty, which undoubtedly plays a major role in skeletal 

retention of calcium. In early adulthood the calcium balance should be zero, with the 

excess calcium absorbed from the diet being excreted by the kidney (see Figure 1 iv) 

and in later life the calcium balance becomes negative (Gertner 1999; Portale 1999; 

Rosenblum 1999).

1.2.3.2 Phosphate

Eighty five percent of the body’s phosphate is in crystalline form in the skeleton and 

teeth, fourteen percent is in the soft tissues and the rest is in ECF. As with calcium in 

children there is a requirement for net phosphate retention from dietary intake to meet 

the needs of the growing skeleton and the metabolic requirements of other bodily
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tissues. Much of the phosphate in soft tissue is involved in intracellular energy 

production and transfer. In adults phosphate balance should be zero (see Figure 1 .v). 

Absorption of phosphate from the intestinal tract is less strictly controlled than that of 

calcium, about two thirds of dietary phosphate is absorbed. The kidney excretes any 

excess phosphate (Broadus 1999; Curran 2000; Portale 1999).

Table 1.i. Dietary Reference Intake Values

Age Calcium 

AI (mg/day)

Phosphate 

EAR (mg/day)

0-6 months 210 *

6-12 months 270 *

1-3 years 500 380

4-8 years 800 405

9-13 years 1300 1055

14-18 years 1300 1055

AI; A d e q u a te  I n ta k e , EAR: E s t im a te d  A v e r a g e  R e q u ir e m e n t, * n o t  K n o w n  

(Standing Committee on the Scientific Evaluation of Dietary Reference Intakes 1997)
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Figure 1 .v. Phosphate Flux between Body Pools in Healthy Adult
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1.2.4 Height and Growth Measurement and Reference Data

The concept of assessing linear growth by taking several measurements of height over 

time appears at first to be quite simple. It is, however, a sophisticated process 

requiring expertise, accuracy, and consistency. Height should be measured by a 

trained technician following a standard technique, using a stadiometer, or supine 

length with a supine-length table or neonatometer.

There is controversy surrounding the use of cross-sectional or longitudinal reference 

standards. The former are derived from large numbers of children measured on one 

occasion, the latter on multiple measurements from a smaller number of children. The 

main difficulties are around puberty and so long as the clinician takes pubertal status 

into account there is little practical difference between the two methodologies. 

However, cross-sectional data are more readily updated and thus can reflect 

population changes easily.

To analyse sets of height data the use of height standard deviation scores (Ht SDS) are 

commonly employed. These have to be used with caution when following a group of 

patients longitudinally. For example the term ’normal growth’ is regularly used to 

describe growth in children with a Ht SDS that is below normal and who maintain 

their Ht SDS over time; however, these children will actually acquire an increasing 

height deficit (Cole 1994; Gertner 1999; Preece 1999).
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1.3 Parathyroid Hormone and Similar Proteins

PTH is an 84 amino acid molecule secreted from the parathyroid glands. It is 

intimately involved in the minute-to-minute regulation of extra-cellular calcium levels 

to within the narrow limits that are required to sustain life.

Calcium homeostasis in ECF is very tightly regulated; small changes in serum ionised 

calcium levels are detected by the calcium sensing receptor (CaSR). The CaSR is a G 

protein-coupled receptor, the binding of calcium to which leads to intracellular 

signalling. This receptor is abundantly expressed on chief-cells in the parathyroid 

gland (PTG), and thus changes in serum calcium lead to the regulation of the 

synthesis and secretion of PTH. The parathyroid glands synthesise and secrete PTH 

continuously; the CaSR acts to constrain this activity. The secretion of PTH leads to 

an increase in serum calcium via the direct action of PTH on bone and kidney. In 

addition to this, PTH indirectly affects serum calcium levels by stimulating the 

synthesis of 1-hydroxylase (in kidney proximal tubule cells) and consequently the 1- 

hydroxylation of 25-hydroxy-vitamin D to active vitamin D (1,25 (0H)2 vitamin D). 

This sterol hormone acts in the intestine to increase absorption of calcium (and 

phosphate). The consequent rise in serum calcium feeds back to decrease PTH 

secretion (Brown 1999c; Cole 1997; Perheentupa 1996; Silver 2002).

1.3.1 The Parathyroid Glands

It is usual to have four parathyroid glands (PTG). These glands develop from the third 

and fourth branchial pouches. As they migrate during development their positions are
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reversed so that the third pouch gives rise to the PTGs that he posterior to the lower 

poles of the thyroid gland, and the fourth pouch produces the two glands that lie 

posterior to the superior thyroid poles. They are small glands; their combined weight 

is about 120 mg. The glands are composed of chief cells, oxyphils and clear cells, 

which are probably the same parenchymal cell line with a different morphological 

expression. Chief cells are the predominant cell type and synthesise and secrete PTH. 

There is a lack of secretory granules in these cells compared to cells of other 

endocrine organs, which is cited as evidence for the fact that the PTG synthesise and 

secrete PTH continuously. This process is decreased by the binding of calcium to the 

regulatory CaSR (Livolsi 2001 ; Perheentupa 1996; Silver 2002).

1.3.2 Parathyroid Hormone

The primary systemic role of PTH is to maintain serum calcium homeostasis. The 

processes of its synthesis, secretion and metabolism are all influenced by serum 

calcium; these processes and factors influencing them are discussed. PTH has other 

effects and these, along with control of serum calcium, are covered in detail. As the 

synthesis, secretion and metabolism of PTH involves the active production of long 

carboxyl PTH fragments that may be clinically relevant, these are also discussed 

before finally parathyroid hormone-related protein (PTHrP) is briefly described.

1.3.2.1 Synthesis and Secretion of Parathyroid Hormone

The regulation of PTH is primarily at the level of gene transcription, as evidenced by 

the lack of preformed PTH stored in secretoiy cells. In addition serum calcium levels 

regulate the limited number of secretory granules and their contents of active 1-84
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PTH. Hypercalcaemia results in degradation of 1-84 PTH, and carboxyl terminal 

fragments (C-terminal) are secreted from the glands (see 1.3.3).

The synthesis of PTH is complex, starting as preproPTH, a 115 amino-acid peptide. 

The existence of such a precursor is thought to be necessary to introduce and direct 

the hormone through the chief cell’s secretory process. In the endoplasmic reticulum 

this ‘signal’ sequence is cleaved to leave proPTH, a 90 amino acid protein. The pro 

sequence is also thought to be important in guiding the protein along the intracellular 

secretory pathway. The proPTH molecule is transported in vesicles to the Golgi 

apparatus where the 6 amino acids of the pro sequence are cleaved leaving the 84 

amino acid PTH, from now on referred to as active or 1-84 PTH. Both of these 

sequences are cleaved from the amino terminal (N-terminal) end of the molecule. It 

would also appear that tlie carboxyl terminal end of the hormone is also important for 

intra-cellular transport (Brown 1983; Kronenberg 2001; Perheentupa 1996; Silver 

1985).

Calcium.

The synthesis and secretion of PTH are determined by serum calcium levels, which 

are sensed by the CaSR that has an effect on gene transcription. Increases in serum 

calcium reduce levels of mRNA for preproPTH via undetermined intracellular 

mechanisms likely to be initiated via the CaSR. Secretion to a certain extent is 

regulated by synthesis. However, it is also likely that unknown intracellular pathway/s 

link activation of the CaSR to PTH secretion. The minute-to-minute secretion of PTH, 

regulated by calcium ions acting at the CaSR on the plasma membrane of chief cells, 

exhibits an inverse sigmoidal relationship between serum calcium ion concentration 

and PTH secretion (see Figure l .vi ), with high serum calcium inhibiting PTH 

secretion to a basal level. Hypercalcaemia also increases the degradation of 1-84 PTH
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increasing the proportion of long C-terminal fragments (C-PTH) secreted (see 1.3.3) 

(Brown 1983; Brown 2001).

Vitamin D.

1,25 (0H)2 vitamin D (1,2 5-dihydroxy vitamin D or calcitriol) has been shown to be 

important in the regulation of the transcription of the PTH gene, with calcitriol 

decreasing PTH mRNA levels. This is achieved by the binding to an intracellular 

vitamin D receptor (VDR), which translocates to the nucleus. Here it associates with a 

retinoid X receptor forming a heterodimer that binds to a vitamin D response element 

(VDRE), in the promoter region of PTH, where it negatively regulates gene 

transcription (Brown 1999a).

Phosphate.

Although calcium and 1,25 (0H)2 vitamin D are the most important regulators of PTH 

gene transcription, phosphate, especially at high levels, also acts as a regulator (see 

1.4.1.1). Increased phosphate levels result in an increase in PTH mRNA levels; the 

mechanism is likely to be an increase in post-transcriptional stability (Kilav 1995; 

Silver 2000; Slatopolsky 1996).
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1.3.2.2 Metabolism of Parathyroid Hormone

The two determinants of PTH levels are the rates of secretion and metabolism, the 

two should be equal and changes in either will influence PTH levels. The liver and 

kidney rapidly metabolise circulating 1-84 PTH. In CRF this balance is disturbed. 

1-84 PTH has a short half-life of a few minutes in the circulation. Over two thirds of 

this clearance is mediated by hepatic Kupffer cells, which have a high capacity for 

PTH uptake. Rapid removal of active 1-84 PTH is followed by extensive proteolysis 

with degradation into N-terminal and C-terminal fragments. As cleavage may be 

within the region of amino acids 33-43, biologically active N-terminal fragments 

could be generated (1-34 PTH has significant biological activity - see 1.3.3). 

However, it appears that such products are rapidly degraded in Kupffer cells and do 

not re-enter the circulation. In contrast some of the longer C-terminal fragments (C- 

PTH) do re-enter the circulation.

A smaller percentage (20-30%) of PTH clearance is mediated by the kidney, via 

glomerular filtration. There is reabsorption by proximal tubule cells where the 

hormone is degraded. As none or very little C-PTH is produced the kidney does not 

actively contribute to the circulating pool of C-terminal fragments. But clearance of 

these C-PTH fragments does occur via glomerular filtration and this is slower than 

that for 1-84 PTH; this may be important in CRF. Thus although only a small 

percentage of 1 -84 PTH is converted to circulating C-PTH, these fragments may 

circulate in increased proportions as their excretion is slower; this could be more 

marked in CRF. Furthermore, it appears that long C-terminal fragments (C-PTH) are 

secreted from the PTGs, this is because intra-glandular degradation of 1-84 PTH is 

part of the regulation of the PTG. Hypercalcaemia results in an increase in the
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proportion of 1-84 PTH that is metabolised to C-PTH in the cell. The removal of the 

first few N-terminal residues prevents the molecule from binding to and activating the 

PTHR. Some of these fragments are released into the circulation and have biological 

activity that antagonises that of 1-84PTH (see 1.3.3). These fragments are therefore 

particularly relevant to CRF when there may be delayed clearance and altered 

secretion (Chorev 2001 ; Kronenberg 2001; Silver 2002).

1.3.2.3 Actions of (1-84) Parathyroid Hormone

The synthesis and secretion of PTH are regulated by serum calcium, and the primary 

function of PTH is the homeostasis of serum calcium. This is accomplished by the 

actions of PTH on the skeleton, kidney and indirectly the intestine. PTH increases net 

renal calcium (Ca^^) reabsorption, and inhibits phosphate reabsorption. PTH also acts 

in the kidney to increase the synthesis of 1,25 (0H)2 vitamin D, which has many 

effects including increasing intestinal absorption of calcium and phosphate.

PTH increases bone turnover. However, depending upon patient age, site of action 

and pattern o f PTH serum levels it may have anabolic (associated with physiological 

PTH levels and intermittent elevations) or catabolic (associated with continuously 

elevated PTH levels) effects on bone (Hock 2001b; Lian 1999; Perheentupa 1996; 

Strewler 2001a).
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Skeletal Actions

PTH has opposing anabolic and catabolic actions upon bone. The mechanism behind 

the anabolic actions is thought to involve stimulation of a cascade of local factors that 

encourage bone formation. The catabolic effects appear to be due to the uncoupling of 

resorption and formation, with unbalanced stimulation of resorption.

The expression of the PTHR does not occur until osteoprogenitors are relatively 

differentiated, at which point PTH contributes to stimulate the growth of these cells. 

The receptor is then widely expressed on mature osteoblasts lining endosteal and 

periosteal surfaces and on osteocytes. Expression of PTHR on osteoclasts is 

controversial, although the role of PTH in the induction of osteoclast driven 

resorption has been determined. PTH acting on osteoblasts increases expression of 

RANKL activating the RANKL/RANK system of cell-to-cell (osteoblast-to-clast) 

communication that initiates bone resorption (see Figure l.iii.) (Hock 2001b; Lian 

1999; Strewler 2001a).

Skeletal Actions: Anabolic Effects.

The anabolic effects on bone (increase in bone mass or mineral associated with 

increased bone formation) of intermittent PTH treatment are well documented. 

Intermittent PTH treatment leads to an increase in osteoblast cell numbers. Studies 

suggest it is unlikely that this is due to proliferation of osteoblast progenitors. Instead 

it is hypothesised that the following mechanisms, mediated by PTH, may play a role: 

activation of bone hning cells; induction of commitment of osteoprogenitors that can 

become osteoblasts without further proliferation (post-mitotic osteoblast precursors); 

inhibition of osteoblast apoptosis. Wliilst an increase in osteoblast number is vital to 

the increase in bone turnover it is also likely that the anabolic effects of PTH on bone 

are mediated via a complex set of locally produced growth factors. Much of the work
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in the area is inconclusive and beyond the scope of this thesis, but a few of the better 

characterised factors are mentioned briefly. Members of the IGF family are secreted 

from osteoblasts when stimulated with PTH. These factors are thought to be key 

regulators of bone formation. Their binding proteins (IGFBP) are also secreted from 

bone and PTH affects secretion of some IGFBPs from bone, although the biological 

significance of this later effect is not known. TGF-j3 is released from the bone matrix 

during the resorptive process, and is thought to be important in reversal from 

resorption to formation (see 1.1.3). This factor has effects upon osteoblast growth and 

differentiation and increases bone formation indices. Intermittent PTH therapy 

increases TGF-p levels in bone matrix, although it is likely that this is achieved via 

activation of an inactive form that was synthesised earlier, rather than increasing 

TGF-p synthesis and release from osteoblasts (Hock 2001a; Hock 2001b; Lian 1999; 

Strewler 2001a; Strewler 2001b).

Skeletal Actions: Catabolic Effects

Intermittent administration of PTH has been shown to be necessary to obtain the 

anabolic effects in some studies. On the other hand, when given continuously or 

repeatedly over extended periods bone turnover has been shown to be stimulated but 

formation and resorption became uncoupled; resorption predominated, resulting in a 

decrease in bone mass. The appearance of a fibroblastic phenotype in the bone lining 

cells was also noted (peritrabecular fibrosis is seen in high turnover ROD, see

1.5.2.1). In addition, changes to the synthesis of IGF and IGFBP have also been noted 

with prolonged exposure to PTH, and PTH receptors have been demonstrated on 

human osteoclasts with high turnover ROD, suggesting they might also be able to 

respond directly to PTH in some circumstances (Hock 2001b; Hoyland 1999; Lian 

1999; Strewler 2001a).
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Skeletal Actions: Osteocytes

PTHRs are expressed on osteocytes, however, the role of PTH is unclear (Noble 

2000; Strewler 2001a).

Renal Actions: Calcium Handling.

Circulating PTH regulates renal tubular excretion of calcium, phosphate and, to a 

lesser extent, magnesium. Indirectly PTH influences intestinal absorption of calcium 

and phosphate via enhancement of 1,25 (0H)2 vitamin D synthesis.

PTHRs are expressed on various renal cells, from the glomeruli to the cortical 

collecting duct. Binding of PTH appears to elicit a variety of different intracellular 

signals depending upon cell type. Various physiological responses are therefore 

obtained.

Calcium and magnesium are reabsorbed at various sites through out the nephron, by 

passive and active mechanisms, via paracellular and intracellular routes. PTH 

regulates calcium transport in various regions of the nephron; however, it is the distal 

nephron where PTH plays a major role in increasing calcium (Ca^^) reabsorption. The 

exact mechanism awaits elucidation but the recent description of the epithelial 

calcium channel, which is expressed in the distal nephron, would suggest that 

activation of the PTHR might be linked to activation of this calcium channel.

It is interesting that there may be regulation of the cellular response to PTH by prior, 

especially chronic, exposure to PTH. Several mechanisms are at play in this 

desensitisation, as the PTHR is quickly internalised following binding of PTH, so the 

reduction in the expression of the receptor on the cell surface is an important factor. 

Furthermore, uraemic rats demonstrate a reduction in PTHR mRNA expression that is 

not related to hyperparathyroidism but rather other uraemic factor/s.
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1,25 (OH): vitamin D suppresses the transcription of PTHR gene transcription in 

some renal cells (e.g. proximal tubule) but up-regulates it in others, such as the distal 

convoluted tubule where the effects of PTH on calcium transport are most significant 

(Bringhurst 2001; Friedman 2000).

Renal Actions: Phosphate Handling

PTH inhibits phosphate reabsorption, resulting in phosphaturia; this occurs mainly in 

the proximal tubules. A Na^/Pi cotransporter, expression of which is regulated by 

PTH and dietary phosphate, is responsible for reabsorbing phosphate. Following 

binding of PTH to the PTHR there is endocytosis of the Na^/Pi cotransporter; a 

reduction in cotransporter number results in decreased reabsorption and phosphaturia. 

Nuclear mechanisms may also be involved as parathyroidectomy results in increased 

Na^/Pi cotransporter mRNA and protein (Bringhurst 2001; Perheentupa 1996).

Renal Actions: Activation o f  Vitamin D

Proximal tubular cells produce 1 a-hydroxylase. PTH can increase the gene 

transcription of this enzyme, following binding to the PTHR. Increased levels of la- 

hydroxylase lead to an increased hydroxylation of 25(OH) vitamin D to active 

1,25(0H)2 vitamin D, which interestingly inhibits expression of 1 a-hydroxylase. 1,25 

(OH): vitamin D acts at the small intestine to enhance absorption of dietaiy calcium 

and phosphate.

The exact mechanism by which 1,25 (OH): vitamin D increases calcium absoiption 

fi'om the intestine is unclear. There is evidence of the induction, via the VDR, of a 

calcium pump and a calcium binding protein, but there are also data demonstrating 

rapid effects of the sterol vitamin, that are suggestive of non-genomic effects.
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Phosphate absorption is increased by enhanced expression of the Na^/Pi cotransporter, 

by 1,25 (0H)2 vitamin D, on the luminal surface of enterocytes. To a degree this 

counter acts the phosphaturic effects of PTH (Bringhurst 2001 ; Brown 1999a). 

Further aspects of the actions of 1,25 (0H)2 vitamin D in CRF are discussed in 

sections 1.4.3 and 1.5.1.

1.3.3 Long Carboxyl Terminal Parathyroid Hormone Fragments

The synthesis of PTH involves the production of larger peptides, preproPTH, that are 

degraded within the cell prior to secretion. It was demonstrated in the 1970’s that 

even the active or 1-84 PTH molecule was not stable inside the chief cells. It was 

discovered that intracellular degradation of 1-84 PTH was influenced by extra-cellular 

calcium levels and that the secretion of fragments was also, therefore, similarly 

influenced. With low extra cellular calcium levels the proportion of fragments 

secreted was small, but increased with higher extra-cellular calcium levels, such that 

with extra-cellular hypercalcaemia most of the hormone secreted was fragments 

(Habener 1975; Kronenberg 2001). Thus it was suggested that there is a degradation 

pathway for PTH in chief cells that is calcium-sensitive and that this pathway may be 

involved in the regulation of hormone synthesis and secretion (Habener 1975).

Other work that was also carried out in the 1970’s demonstrated that a synthetic PTH 

peptide, a carboxyl-terminal (C-terminal) truncated 1-34 PTH, appeared to exhibit all 

the biological activity of the 1-84 PTH molecule (Potts, Jr. 1971 ; Rosenblatt 1986). A 

great deal of research was conducted using this peptide. It was shown that the mid

peptide amino-acids (14-34) contain the ‘binding domain’ and that the first few N- 

terminal amino-acids contain the ‘activation domain’. It has, therefore, been 

recognised for decades that the first few N-terminal amino acids of active PTH are
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vital for biological activity. It was also demonstrated that these N-terminally truncated 

compounds were antagonistic, by receptor competition, to the actions of non

truncated peptides (Chorev 2001; Rosenblatt 1986).

Almost a decade ago, functional studies suggested the existence of a receptor or 

binding protein that binds the carboxyl-terminal portion of 1-84 PTH. This receptor is 

thought to be distinct from the PTH/PTHrP receptor (PTHR) already characterised 

(Inomata 1995).

More recently it has been demonstrated that a particular long C-terminal PTH 

fragment, likely to be 7-84 PTH, has biologically antagonistic actions to those of 1-84 

PTH (Langub 2003; Slatopolsky 2000) and that these actions are independent of the 

PTHR (Divieti 2002). Furthermore, the presence of long C-terminal fragments (C- 

PTH) has been confirmed in human PTGs (Slatopolsky 2000). Concurring with earlier 

data, discussed above (see 1.3.2.2), regarding secretion of PTH fragments, that the 

proportion of C-PTH secreted has been shown to be influenced by extra-cellular 

calcium levels (Monier-Faugere 2001). The clinical significance of these fingments is 

unresolved with some workers suggesting that levels are related to bone turnover 

(Monier-Faugere 2001) whilst others have not found any relationship (Coen 2002b).

1.3.4 Parathyroid Hormone-Related Protein

Parathyroid Hormone-Related Protein (PTHrP) and PTH have very similar amino 

terminals; 8 of the first 13 amino acids are identical. There is conformational 

similarity up to residue 34, and both bind to the ‘classical’ PTHRs. It is thought that 

PTHrP may represent an ancestral gene, with PTH evolving to meet the needs of 

calcium homeostasis with the emergence of a bony skeleton.
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PTHrP is secreted by bone cells and precursors; it has autocrine and paracrine effects. 

PTHrP is known to regulate cartilage formation prior to endochondral ossification and 

is vital to skeletal development. The exact local role of PTHrP in the skeleton remains 

elusive to investigation.

PTHrP is expressed in fetal and adult kidneys; it is not thought to be vital for renal 

development. Little is known of its role in the developed kidney, although it may be 

involved in the local response to ischaemia (Bringhurst 2001; Philbrick 2001;

Strewler 2001a).
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1.4 Chronic Renal Failure and Secondary Hyperparathyroidism

Secondary hyperparathyroidism (HPTH) is frequently encountered in CRF; it begins 

early in the course of CRF, usually becoming associated with PTG hyperplasia and is 

pivotal in the pathogenesis and evolution of renal osteodystrophy.

Disturbances of mineral and vitamin metabolism associated with progressive renal 

dysfunction are the major metabolic abnormalities that not only directly stimulate an 

increase in PTH synthesis and secretion but also participate in the regulation of PTG 

cell proliferation leading to gland hyperplasia, and thus further exacerbate 

hyperparathyroidism (see Figure 1 .vii). The following discusses these elements, 

calcium, phosphate, and vitamin D, in detail, describing how they are affected in CRF 

and how this disruption affects PTH syntliesis, secretion and cell proliferation. The 

many mechanisms discussed are often intimately interrelated and although considered 

separately are not mutually exclusive. In the following text the relationships between 

these different mechanisms are frequently identified and cross referenced with each 

other (Goodman 1999; Martin 2001; Silver 2000; Slatopolsky 1999).
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1.4.1 Hyperphosphataemia and Secondary Hyperparathyroidism

Phosphate retention is key to the pathogenesis of hyperparathyroidism.

The kidney plays a pivotal role in the control of phosphate balance, which is achieved 

via the Na^/?i cotransporter that is regulated by PTH and dietary phosphate (see 

1.3.2.3 Renal Actions: Phosphate Handling). Serum phosphate levels often remain 

within normal limits early in the course of CRF; this is achieved via an increase in 

PTH levels (Amiel 1998). Eventually the capacity of the failing kidney to excrete 

phosphate becomes saturated and serum phosphate levels begin to rise.

Box 1. i. Effects of Hyperphosphataemia on the Parathyroid Gland

Hyperphosphataemia is associated with

• Increased transcription of PTH

• Increased secretion of PTH

• Increased proliferation of parathyroid cells

All the above are decreased by dietary restriction of 

phosphate
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Phosphate retention has been recognised as an important factor in the pathogenesis of 

secondary hyperparathyroidism since the 1970’s (Slatopolsky 1972) but the more 

recent realisation that hyperphosphataemia is a key factor associated with increased 

risk for cardiovascular disease, has prompted renewed and intense interest in the 

metabolism of this mineral (Block 2000).

There is controversy regarding the possible contribution that each of following 

mechanisms, which result from hyperphosphataemia, has upon the PTG; these 

mechanisms are identified and discussed below.

1.4.1.1 Phosphate and Parathyroid Hormone

Phosphate regulates the secretion of PTH. It also regulates PTH gene expression and 

parathyroid cell proliferation (see 1.4.1.2). Effects on secretion are indirectly related 

to effects on gene expression but could also be direct; dietary phosphate and 1,25 

(0H)2 vitamin D levels regulate a phosphate cotransporter expressed on PTG cells. 

This phosphate cotransporter may mediate the effects of serum phosphate on the 

secretion of PTH (Tatsumi 1998).

Studies in the 1970s established the effect of increased phosphate levels on 

stimulating secretion of PTH (Reiss 1970). It gradually emerged therefore that this 

effect was independent of both calcium and 1,25 (0H)2 vitamin D (calcitriol). Dietary 

restriction of phosphate in uraemic dogs, in whom serum ionised calcium (iCa) levels 

were controlled and 1,25 (0H)2 vitamin D levels remained constant, resulted in a 

significant fall in PTH levels (Lopez-Hilker 1990). More recently work with human 

PTGs demonstrated that increased phosphate levels, independent of calcium, increase 

PTH gene expression and secretion (Almaden 1998). These effects might be due to
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the effects of phosphate upon PTH gene expression that are related to the post- 

transcriptional stability of mRNA (Moallem 1998; Sela-Brown 2000). These studies 

demonstrated that hypocalcaemia increased and hypophosphataemia decreased PTH 

mRNA by affecting stability of this transcript. The effect is mediated via cytosolic 

proteins that bind to PTH m RNA; hyperphosphataemia might increase stability.

The effects of hyperphosphataemia on increasing PTH secretion may be further 

exacerbated by the effects of hyperphosphataemia upon parathyroid cell proliferation 

(see 1.4.1.2).

1.4.1.2 Hyperphosphataemia and Parathyroid Gland Hyperplasia

Hyperphosphataemia, hypocalcaemia (see 1.4.2) and vitamin D deficiency (see 1.4.3) 

are all implicated in parathyroid cell proliferation (Naveh-Many 1995). These 

investigators and others (Slatopolsky 1996) were also able to demonstrate that in 

experimental uraemia, dietaiy phosphate restriction lead to a decrease in parathyroid 

cell proliferation. Recently it has been shown that release of local growth factors 

mediate phosphate regulation of parathyroid cell prohferation (Dusso 2001) and that 

hyperphosphataemia stimulates the cell cycle of chief cells independently of both 

calcium and 1,25 (OH): vitamin D (Canalejo 1998).

Strikingly the effects of hyperphosphataemia upon PTG hyperplasia were found to be 

rapid, with significant increases in PTG size after only several days of a high 

phosphate diet in experimental uraemia (Denda 1995). The effects of phosphate were 

also found to be independent of calcium and 1,25 (OH): vitamin D (Slatopolsky 

1996), however, PTG hyperplasia may exist without secondary hyperparathyroidism 

(Takahashi 2002).
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1.4.1.3 Hyperphosphataemia and Hypocalcaemia

Serum phosphate levels are frequently normal in early CRF (Amiel 1998). The 

mechanism of phosphate normalisation in early disease was thought to be related to 

temporary increases in serum phosphate levels, caused by the decreased ability of the 

kidneys to excrete phosphate. It was hypothesised that this resulted in hypocalcaemic 

episodes that stimulated PTH secretion with a subsequent increase in phosphaturia, 

thereby normalising serum phosphate at the expense of increased PTH levels and 

eventually resulting in the development of hyperparathyroidism (Slatopolsky 1972). 

In normal subjects a phosphate load increased serum phosphate levels, decreasing 

serum iCa and increasing PTH levels (Reiss 1970).

However, evidence that these changes take place in CRF is lacking. Indeed no post

prandial increase in serum phosphate nor hypocalcaemia was demonstrated in 

separate studies (Portale 1984; Wilson 1985). Furthermore, the mechanism of 

hypocalcaemia in response to hyperphosphataemia is not known (Slatopolsky 1999), 

although it is likely that the effects of hyperphosphataemia upon vitamin D (see

1.4.1.4) are involved; phosphate restriction increases serum 1,25 (OH)] vitamin D 

levels (Gray 1977). The effects of hypocalcaemia on the PTGs is discussed in 1.4.2 

(Brown 1999a).

1.4.1.4 Hyperphosphataemia and Vitamin D

Phosphate plays a major role in the regulation of vitamin D, which is accomplished by 

altering the activity of 1 -a hydroxylase and 2 5 -hydroxyvitamin D-24-hydroxylase 

(24-hydroxylase) (see Figure l.viii) (Brown 1999a).
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Phosphate controls 1 -a hydroxylase at the level of mRNA (Shinki 1997), and it has 

been shown that phosphate restriction increases serum 1,25 ( 0 %  vitamin D levels 

(Gray 1977). Therefore, it seems likely that part of this effect is mediated via 

increased 1-a hydroxylase activity, in proximal tubule cells, leading to increased 

conversion of 25(OH) to active (1,25 (0H)2) vitamin D. These effects of phosphate on 

vitamin D are independent of PTH and calcium (Hughes 1975). Evidence for the 

corollary of this that hyperphosphataemia decreases 1,25 (OH)] vitamin D production 

is lacking.

25-hydroxyvitamin D-24-hydroxylase on the other hand is involved in the catabolic 

pathway of active vitamin D; it appears that levels of mRNA and enzyme activity are 

reduced with phosphate restriction (Wu 1996). Again, evidence that 

hyperphosphataemia increases catabolism of 1,25 (OH): vitamin D is lacking.

These data may imply that one of the key management modalities (see 1.6 .1) for 

controlling hyperparathyroidism, that of dietary phosphate restriction, may have 

additional effects and benefits of increasing 1,25 (OH)z vitamin D levels (Martin 

2001). The effects of vitamin D are discussed in section 1.4.3.

1.4.1.5 Hyperphosphataemia and Skeletal Resistance

The concept of skeletal resistance is discussed further in 1.4.5. An effect of 

hyperphosphataemia in damping the response of bone to PTH has been demonstrated 

(Raisz 1969; Somerville 1979) although the mechanism is not established.
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1.4.2 Hypocalcaemia, the Calcium Sensing Receptor and Secondary

Hyperparathyroidism

Hypocalcaemia is a potent stimulus to PTH secretion and to parathyroid cell 

proliferation. Hypocalcaemia is often present, but this is not always the case, in CRF. 

The effects of serum calcium on PTH secretion are mediated via the calcium sensing 

receptor (CaSR), which is or may become down regulated in CRF, resulting in 

enhanced PTH secretion for any given level of serum calcium. The following 

describes the effects of hypocalcaemia on the PTG and discusses the effects of 

changes in the expression of the CaSR in CRF and secondary hyperparthyroidism 

(Martin 2001; Silver 2000; Silver 2002; Slatopolsky 1999)

Box l.ii. The Effects of Hypocalcaemia on the Parathyroid Gland

Hypocalcaemia

Increases PTH synthesis

• Increases PTH secretion

Increases parathyroid cell proliferation



- 7 4 -

1.4.2.1 Hypocalcaemia In Chronic Renal Failure

The development of hypocalcaemia in CRF is not fully understood. Several 

mechanisms are probably at play: the 1,25 (0H)2 vitamin D deficiency that is 

associated with CRF results in a decrease in intestinal calcium absorption; the 

intrinsic vitamin D resistance (see 1.4.3) of uraemia/CRF fiirther exacerbates the 

situation; hyperphosphataemia is associated with hypocalcaemia via unknown 

mechanisms as mentioned previously (see 1.4.1.3); and skeletal resistance to PTH 

results in relative hypocalcaemia (see 1.4.5) (Martin 2001).

Although hypocalcaemia, when present, is a powerful physiological stimulus for the 

secretion of PTH it is not the only stimulus; as evident from the rest of this chapter, it 

should also be noted that hypocalcaemia is not to be necessary for the development of 

hyperparathyroidism (Lopez-Hilker 1986).

1.4.2.2 Hypocalcaemia; Parathyroid Hormone Synthesis and Secretion

The binding of Ca^  ̂to the CaSR, a G protein-coupled receptor mediates intracellular 

pathways that result in a decrease in the synthesis and secretion on PTH (see 1.3.2.1) 

and Figure l.vi). A lowering of serum calcium levels, therefore, results in increased 

PTH synthesis and secretion. The intracellular events responsible for these short term 

(minutes) effects, controlled by the CaSR, are not fully understood (Brown 2001). In 

more prolonged hypocalcaemia aspects of the synthesis of PTH are important and 

effects upon gene transcription and PTH mRNA stability have been described. 

Negative regulation elements have been found upstream from the transcription site for 

the PTH gene (Okazaki 1991). It remains to be seen whether calcium, directly or
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indirectly via the CaSR, controls these regulators. The situation is more complex in 

CRF due to decreased expression of CaSR (see 1.4.2.4). Hypocalcaemia, in contrast 

to hypophosphataemia (see 1.4.1.1), increases PTH mRNA stabihty, an effect 

mediated via cytosolic proteins that bind to PTH mRNA (Kuizon 2002; Moallem 

1998; Sela-Brown 2000). In the longer term, hypocalcaemia effects are on PTG 

hyperplasia.

1.4.2.3 Hypocalcaemia; Parathyroid Ceil Proliferation

Along with hyperphosphataemia (see 1.4.1.2) and vitamin D deficiency (see 1.4.3), 

hypocalcaemia is implicated in parathyroid cell proliferation (Naveh-Many 1995). It 

is likely that one of the major mechanisms by which hypocalcaemia results in PTG 

cell hyperplasia in CRF is mediated via the CaSR. The use of calcimimetics that bind 

to the CaSR decrease cell proliferation (Wada 1997).

1.4.2.4 Calcium Sensing Receptor Expression

In CRF there is or may be down-regulation of the CaSR (Kifor 1996). Initial studies 

suggested that this decreased expression was associated with PTG hyperplasia and not 

uraemia specifically (Brown 1999b). Subsequently it has been demonstrated that this 

effect was independent of decreases in the VDR which was associated with high rates 

of cell proliferation (Yano 2000). However, CaSR expression can be down regulated 

by 1,25 (0H)2 vitamin D deficiency (see 1.4.3.3)(Brown 1996). Interestingly, it has 

also been observed that the decreased expression of the CaSR in patients with uraemia 

may reflect a change in cell population, with hyperplastic glands containing more 

oxyphilic and clear cells as opposed to chief cells (Martin-Salvago 2003). It has also
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been shown that phosphate restriction, as well as arresting hyperparathyroidism in 

experimental uraemia, also reverses the decrease in CaSR expression (Ritter 2002). 

Whatever the mechanism beliind the down-regulation of this receptor that is pivotal to 

the regulation of PTH release, there is no doubt that this altered expression is a 

fundamental part of the PTG dysfunction seen in CRF. This dysfunction is discussed 

fiirther (see 1.4.4.).

1.4.3 Vitamin D Deficiency and Secondary Hyperparathyroidism

As CRF progresses there is often an associated 1,25 (0H)2 vitamin D deficiency that 

further exacerbates the secondary hyperparathyroidism of CRF. The mechanisms of 

this deficiency and its effects upon the PTG are discussed.

Additionally, effects of CRF and 1,25 (0H)2 vitamin D deficiency upon the VDR, 

CaSR and a phosphate cotransporter may worsen the vitamin deficiency and lead to

1,25 (OH)] vitamin D resistance. These alterations to receptor/transporter expression 

and their effects, which further compoimd the secondary hyperparathyroidism, are 

discussed.

Box l.iii. The Effects of Vitamin D Deficiency on the Parathyroid Gland

1,25 (OH)] vitamin D Deficiency

• Increases PTH synthesis and secretion

• Increases parathyroid cell prohferation

1,25 (OH)] vitamin D prescription decreases parathyroid cell 

proliferation, increases VDR expression and decreases PTH levels
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1.4.3.1 Vitamin D; Deficiency and Chronic Renal Failure

Vitamin D, like PTH, is an important factor in the development of ROD. It is 

intimately involved in the homeostasis o f calcium and phosphate. It is also, again like 

PTH, critical to the development, growth and maintenance of bone.

In CRF there is a deficiency of 1,25 (0H)2 vitamin D. The aetiology of this deficiency 

is complex. Some of the aspects have been mentioned (see 1.3.2.3. Renal Actions: 

Activation o f  Vitamin D  and 1.4.1.4) and are summarised with other influences below 

(also see Figure l.viii). However, perhaps the simplest and most important 

mechanism is that of a decrease in renal tissue. As the 1-a hydroxylation of 25(OH)- 

vitamin D to active vitamin D takes place in the proximal tubules, the kidneys’ ability 

to produce active vitamin D fails with falling renal fimction.

Regulators of 1,25 (OH): vitamin D include PTH, calcium, phosphate and 1,25 (0H)2 

vitamin D itself. The effects of CRF on these regulators results in a mixture of 

opposing effects on both the synthesis and breakdown of 1,25 (0H)2 vitamin D. The 

renal role in the synthesis of 1,25 (0H)2 vitamin D involves 1-a hydroxylation of 

25(0H)-vitamin D by 1-a hydroxylase, loss of renal parenchyma in CRF reduces 

production of 1-a hydroxylase and thus 1,25 (0H)2 vitamin D. The catabolism of 

active vitamin D involves 24-hydroxylase; this enzyme is present in vitamin D target 

tissues. PTH increases the transcription of 1-a hydroxylase and decreases 24- 

hydroxylase activity, thus increases 1,25 (OH)2 vitamin D levels. The effects of 

hypocalcaemia are the same as those of increased PTH levels and are in part 

explained by increased PTH levels. However, increased serum calcium levels have 

been associated, independently of PTH, with a decrease in 1,25 (0H)2 vitamin D.
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1,25 (OH)] vitamin D is also involved in self-regulation via a negative feedback loop, 

reducing 1-a hydroxylase and increasing 24-hydroxylase (at mRNA level) activity 

(Brown 1999a).

On the other hand the effects of hypeiphosphataemia may be the opposite. Dietary 

restriction of phosphate increases serum 1,25 (OH)] vitamin D levels, again by effects 

on 1-a hydroxylase and 24-hydroxylase (see 1.4.1.4). In addition to these 

mechanisms, (metabolic) acidosis blunts effects of PTH on 1-a hydroxylase.

The trophic effects of PTH on the synthesis of 1,25 (OH)] vitamin D in proximal 

tubule cells might explain why normal 1,25 (OH)] vitamin D levels, similarly to 

phosphate levels (see 1.4.1), are maintained in early CRF by increased PTH levels 

(Reichel 1998).

1.4.3.2 Vitamin D; Parathyroid Hormone Synthesis and Secretion.

1,25 (OH)] vitamin D has a negative regulatory effect upon PTH production (see

1.3.2.1), thus the vitamin D deficiency that commonly develops with CRF will reduce 

the suppression of PTH production, allowing PTH levels to rise. The resultant 

hyperparathyroidism is probably due mostly to the indirect effects of the associated 

hypocalcaemia (Li 1998). However, 1,25 (OH)] vitamin D has potent direct 

independent effects upon PTH synthesis and secretion. It has been shown that this 

takes place via negative regulation of PTH at the transcriptional level (Demay 1992).

1.4.3.3 Vitamin D; Receptors and Parathyroid Gland Hyperplasia

There are several disruptions in CRF that are associated with vitamin D deficiency 

that exacerbate the situation and further increase PTH levels; some of these 

detrimental mechanisms are discussed.
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Vitamin D  Receptor and Parathyroid Gland Hyperplasia:

1.25 (0H)2 vitamin D, acting via the VDR, decreases the transcription and therefore 

the expression of PTH, an effect that is used clinically in the treatment of secondary 

hyperparathyroidism of renal failure (see 1.6.4) (Silver 1985; Silver 1986; Slatopolsky 

1984). In CRF there is a down regulation of the VDR in the PTGs. This effect 

exacerbates the hyperparathyroid effects of vitamin D deficiency. The decrease in 

VDR expression has been associated with 1,25 (0H)2 vitamin D deficiency (Brown 

1989; Denda 1996) and (similar to CaSR, see 1.4.2.4) with gland hyperplasia (Fukuda 

1993). Therefore it is not surprising that 1,25 (OH)] vitamin D deficiency has been 

implicated in parathyroid cell proliferation (Naveh-Many 1995). The prescription of

1.25 (OH)] vitamin D inhibited cell proliferation (Szabo 1989) and increased the 

number of VDRs (Naveh-Many 1990) (see 1.6.4).

It has also been demonstrated that there was a degree of vitamin D resistance in CRF, 

mediated by inhibition of VDR binding to VDRE, which was caused by a uraemic 

factor/s; this effect may further exacerbate hyperparathyroidism (Patel 1995).

Phosphate Cotransporter:

In addition, 1,25 (OH)] vitamin D (and dietary phosphate) regulates the expression of 

a phosphate cotransporter on parathyroid cells (Brown 1999a), and in doing so may 

mediate the effects of serum phosphate on PTH (Tatsumi 1998).

Calcium Sensing Receptor:

Expression of the CaSR is down regulated in 1,25 (OH)] vitamin D deficiency (see

1.4.2.4) (Brown 1996) and decreased CaSR expression increases PTH secretion.
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1.4.4 Hyperparathyroidism and Parathyroid Gland Dysfunction

In patients with CRF the secretion of PTH jfrom the PTGs is disturbed and gland 

hypertrophy further disrupts normal PTH secretory patterns. It is difficult to separate 

dysfunction from the effects of disordered cell growth. The mechanisms are complex 

and intertwined as the following illustrates.

Dysfunction:

Hyperphosphataemia is associated with an increase in the ‘set-point’ (the 

concentration of serum calcium required to half-maximally suppress PTH secretion) 

of the calcium mediated PTH sigmoidal secretion curve (see Figure l.vi), i.e. a shift to 

the right of this curve (Llach 1999). The effect is to increase PTH secretion for any 

given level of serum calcium. As hyperphosphataemia is associated with gland 

hyperplasia (Naveh-Many 1995) and gland hyperplasia is associated with a decrease 

in CaSR expression (Brown 1999b) it seems likely that at least part of the shift in the 

sigmoidal curve (increase in tlie set point) is due to decreased CaSR expression (Kifor 

1996).

Proliferation:

Altered mineral, vitamin and hormone homeostasis in CRF are significant stimuli on 

the PTGs so that they become dysplastic (see 1.4.1.2, 1.4.2.3 and 1.4.3.3). In addition, 

expression of cell surface and intracellular receptors for these factors is altered in the 

hyperplastic gland. These disruptions tend to further exacerbate the hyperparathyroid 

effects of CRF (Fukuda 1993). The development of PTG hyperplasia is especially 

important because the half-life of parathyroid cells is 30 years (Goodman 1999).
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Thus hypocalcaemia, hyperphosphataemia, and vitamin D deficiency are all 

associated with parathyroid cell proliferation (Naveh-Many 1995). There is down 

regulation of the CaSR on parathyroid cells (Kifor 1996) and of the intracellular VDR 

(Fukuda 1993), begging the question: which comes first, proliferation or receptor 

down regulation?

Recently it has been demonstrated that cell proliferation occurs before CaSR down 

regulation (Ritter 2001). However, it is also thought that this receptor may play a role 

in cell proliferation (Wada 1997). It should also be noted that 1,25 (0H)2 vitamin D 

and phosphate regulate the expression of this receptor (see 1.4.2.4).

As the VDR is regulated by 1,25 (0H)2 vitamin D, deficiency may be one of the 

initial causes of decreased VDR density; lower levels of VDR would then exacerbate 

secondary hyperparathyroidism and contribute to parathyroid cell proliferation 

(Fukuda 1993).

There is a small component of PTH secretion that is non-suppressible. Therefore in 

PTG hyperplasia, although small, this component may become significant (Mayer 

1976).

Tertiary Hyperparathyroidism:

This is a controversial term. It is used to describe those glands that, following a long 

period of secondary hyperparathyroidism, develop autonomous function. In secondary 

hyperparathyroidism there is diffuse hyperplasia that, following furtlier proliferative 

stimuli, develops into individual nodules and then finally into nodular hyperplasia 

(Fukagawa 1999; Livolsi 2001). Monoclonal expansions of subsets of cells have been 

demonstrated resulting in PTG enlargement (Arnold 1995).
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1.4.5 Skeletal Resistance and Hyperparathyroidism

The term skeletal resistance refers to the blunted calcaemic response of the skeleton 

of uraemic patients to PTH (Massry 1973; Somerville 1978). This has the effect of 

exacerbating the hyperparathyroidism of CRF.

The causes of this resistance are probably multiple; observations from various studies 

suggest that part of this resistance is accounted for by a desensitisation or down- 

regulation of PTHR in bone (see 1.5.1.6) (Martin 2001; Rodriguez 1991). The 

mechanisms behind this down regulation do not appear to be related solely to PTH 

levels (Hoyland 1999; Urena 1995).

1.4.6 Magnesium and Hyperparathyroidism

Magnesium (Mĝ "̂ ) binds to the CaSR with lower affinity than Ca^ ,̂ but nevertheless 

there appears to be some regulator activity on PTH secretion. However, in patients 

with chronic hypomagnesaemia there is an inability to increase PTH secretion until 

serum levels of Mg^^ are corrected. This somewhat paradoxical effect is probably 

related to intracellular Mĝ "̂  levels (Silver 2002).
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1.5 Renal Osteodystrophy

Renal osteodystrophy is the term used to describe the complex disorders of bone and 

bone mineral metabolism that result from CRF. Although PTH and in particular 

hyperparathyroidism are pivotal to the development of high turnover ROD, there are 

other influences. It is surprising how diverse the histological findings of ROD can be, 

with several markedly different well-defined categories existing. At the other end of 

the spectrum from high turnover are some low turnover forms of ROD. Whilst they 

may be associated with a lack of PTH it seems likely that other factors are also 

implicated. This section discusses some of the aetiological factors involved, aside 

from secondary hyperparathyroidism, and describes the different forms and the 

clinical aspects of ROD.

1.5.1 Factors predisposing to Renal Osteodystrophy

The changes in bone cells that occur in patients with CRF are an accumulation of 

complex interactions between many systemic and local factors and toxins and may 

involve changes in the expression of specific receptors. One of the key factors in the 

development of high turnover ROD is that of PTH and secondary 

hyperparathyroidism, which has been discussed (see section 1.4). Other factors are 

more likely to be relevant to low turnover ROD, the pathogenesis o f which is not well 

understood. Corticosteroid therapy, immobilisation and malnutrition and, in adults, 

diabetes are also thought to contribute to low turnover ROD (Goodman 1999). 

Systemic factors that may be involved in the development of ROD include vitamin D 

and calcium; in addition the role of circulating C-PTH is currently unresolved (see
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1.3.3). Systemic acidosis, when present, can also play a part. Investigations to date 

suggest that the important locally acting growth factors that show altered expression 

include TGF-p and members of the IGF and IGFBP family. The decoy receptor (to 

RANKL), OPG (osteoprotegerin, see 1.1.3.1,1.5.1.4 and Figure l.iii), is important in 

bone development, growth and turnover. It is affected by CRF and disturbances may 

contribute to the development and persistence of ROD. Other humoral and local 

uraemic/toxins that accumulate in CRF are also likely to be influential and iatrogenic 

factors such as aluminium overload are involved in some cases. One aspect of ROD is 

the well described skeletal resistance to the calcaemic effects of PTH (see 1.4.5). This 

process is complex and the mechanisms are unclear; disturbances in receptor 

regulation, in particular that of the PTHR, have been hypothesised (Goodman 1999; 

Hoyland 1999). This is not an exhaustive list but merely a taste of some of the 

putative factors that may be involved in the pathogenesis of ROD.

1.5.1.1 Vitamin D and Calcium

Vitamin D: The role of vitamin D deficiency in the pathogenesis of ROD is largely 

related to effects already described on the PTG and PTH secretion, however other 

roles have been proposed. 1,25 (OH): vitamin D up-regulates the production of matrix 

proteins, such as osteocalcin and osteopontin, from osteoblasts. This is likely to affect 

the organisation of the matrix and subsequent mineralisation (Hruska 1995). Like 

PTH, 1,25 (0H)2 vitamin D promotes RANK expression (Suda 1999), thus deficiency 

may play a role in skeletal resistance by decreasing osteoclast activation. This 

mechanism probably only has a minor role, as calcitriol administration does not 

completely normalise resistance (Fukagawa 2002).
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Calcium: There is currently no evidence to confirm that the use of calcium based 

phosphate binders is directly linked with ROD. However, the widespread use of these 

compounds over the last two decades (and treatment with vitamin D sterols) is cited 

as “probably contributing to the increased prevalence of adynamic bone” (Goodman 

1999).

1.5.1.2 Long C-terminal Parathyroid Hormone Fragments (C-PTH)

The clinical significance of C-PTH is undecided (Coen 2002b; Goodman 2003; 

Monier-Faugere 2001; Reichel 2003). However it is thought that intracellular 

degradation of active 1-84 PTH to C-PTH, wliich is calcium sensitive may be 

involved in the regulation of PTH and PTH fragment secretion (see 1.3.3) (Habener 

1975); hypocalcaemia increases the proportion of 1-84 PTH to C-PTH secreted and 

hypercalcaemia increases the proportion of C-PTH secreted (D’Amour 2002; Monier- 

Faugere 2001). It has also been demonstrated that C-PTH antagonise the biological 

actions of 1-84 PTH on bone (Langub 2003; Slatopolsky 2000) and that these actions 

are independent of the PTHR (Divieti 2001; Divieti 2002). The proportion of these 

antagonistic fragments appears to increase with worsening CRF (Brossard 1996); 

however their role in ROD awaits clarification.

1.5.1.3 Acidosis

Acidosis is common in CRF although treatment is aimed at correcting this; abnormal 

bone metabolism is encountered in chronic metabolic acidosis. If present, acidosis 

will contribute to the development of ROD. It induces physico-chemical dissolution 

of bone mineral and inhibits mineralisation (Bushinsky 1987). In vitro animal studies
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imply that in acidosis bone resorption is increased and formation is reduced (Kraut 

1986).

1.5.1.4 Local Factors

TGF-P

TGF-p is one of the more important local growth factors in bone (Centrella 1987), 

affecting both osteoclasts (inhibition) and osteoblasts (stimulation). It is thought to be 

key to the reversal process of remodelling (see 1.1.3) and may be especially important 

in stimulating bone formation; levels appear to be decreased in hyperparathyroid 

ROD (Hoyland 1999).

IGF-I and IGFBP-I

This growth factor is a major regulator of bone formation, possibly mediating the 

anabolic effects of PTH (Canalis 1989). In CRF, elevations in IGFBP-I are thouglit to 

reduce the activity of IGF-I (Jain 1998), expression of which may also be reduced in 

osteoblasts (Hoyland 1999).

Cytokines

Certain cytokines may also be involved in the remodelling process. In particular it has 

been shown that Interleukin-6 and its receptor are expressed widely in bone cells in 

patients with hyperparathyroidism and receptor levels were associated with bone 

resorption (Langub, Jr. 1996).
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Osteoprotegerin

Osteoprotegerin (OPG) is a soluble decoy receptor that binds to RANKL, preventing 

osteoblast-to-osteoclast communication thus inhibiting osteoclast fusion; PTH inhibits 

OPG mRNA expression in rat osteoblasts. However, its role is confusing in CRF as 

levels are generally raised except in patients with adynamic bone disease (ABD see 

1.5.2.2), which is associated with lower PTH levels (Coen 2002a; Yasuda 1998).

1.5.1.5 Toxins

Uraemic Toxins: It is a widely held view that uraemia per se and, for example, the 

accumulation of toxins and the increased circulation of a variety of inflammatory 

factors, adversely affects bone metabolism (Lee 1988).

Aluminium: In the 1970’s and 1980’s aluminium toxicity, from aluminium based 

phosphate binders and from dialysis solutions, was associated with specific types of 

low turnover ROD (see 1.5.2.2). It became apparent that aluminium inhibited the 

proliferation and differentiation of osteoblasts, suppressed PTH secretion and 1,25 

(0H)2 vitamin D synthesis and impaired skeletal mineralisation (Goodman 1999).

1.5.1.6 Parathyroid Hormone Receptors

One of the features of ROD is the blunted response of bone to the calcaemic effects 

of PTH; this is termed skeletal resistance (see 1.4.5). It has been shown that there was 

down regulation o f PTHR on the osteoblasts of patients with ROD, and that this down 

regulation was most marked in low turnover states (Hoyland 1999; Picton 2000); 

others have suggested that PTHR down regulation may be independent of PTH 

(Urena 1995). Interestingly it was also noted that in high turnover ROD the presence
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of PTHR was found on actively resorbing osteoclasts, in contrast to the usual 

mechanism of PTH activation of these cells which was indirect via cell-to-cell contact 

with osteoblasts (Hoyland 1999; Picton 2000).

Resistance to PTH has also been seen in the growth plate of uraemic rats (Kreusser 

1982) and a decrease in expression of PTHR at this site had also been demonstrated 

(Urena 1996).

1.5.2 Renal Osteodystrophy; The Different Types

Renal osteodystrophy is a heterogeneous group of disorders of altered bone 

remodelling. Broadly they can be divided into three groups; high turnover; low 

turnover and mixed uraemic osteodystrophies. In general high turnover ROD is 

associated with hyperparathyroidism and low turnover ROD is associated with lower 

PTH levels.

1.5.2.1 High Turnover Renal Osteodystrophy

High turnover ROD is characterised by a marked increase in bone turnover. There are 

an increased number of bone cells that are often abnormally grouped and shaped; 

remodelling sites are increased and abnormal; and resorption and formation is 

amplified. In more severe disease there is peritrabecular fibrosis; this type of high 

turnover disease is termed osteitis fibrosa.

The resorption lacunae are increased in number, are irregular and deep and may even 

transect the trabeculae. The multinucleated osteoclasts are numerous, increased in size 

and have prominent nuclei. In osteitis fibrosa there is an accumulation of fibroblastic
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cells and fibrous tissue adjacent to trabeculae, which may extend into and become 

more extensive in the marrow space. Bone formation is enhanced as osteoblastic 

activity is also increased (see Table l.ii). There are more osteoblasts and there is a 

larger osteoid volume as the proportion of the endosteum that is covered with newly 

formed osteoid is increased, as is the osteoid seam thickness. The osteoblasts may no 

longer be cuboidal, they may be polygonal or even spindle like, and multiple layers o f 

irregularly orientated cells may replace the usual monolayer. Together with the 

rapidity of collagen synthesis the disrupted orientation of the cells results in 

disordered collagen fibre arrangement and thus the production of woven bone. Many 

osteoblasts become embedded in the bone in an increased number of osteocytic-like 

lacunae that are rather irregular. The number of mineralisation sites is increased and 

the mineral apposition rate, determined using tetracycline based labelling (see 1.8.1), 

is also increased. The use of tetracycline labelling to determine the mineral 

appositional rate allows quantification of bone turnover. This is useful in identifying 

mild hyperparathyroid renal osteodystrophy in which histology may not be so 

dramatically changed. This disease results in a bone that has greater fragility and is 

more fracture prone than normal bone (Goodman 1999; Hruska 1995; Malluche 

1999).

1.5.2.2 Low Turnover Renal Osteodystrophy

Low turnover disease has been categorised into two subgroups: adynamic bone 

disease (ABD) and osteomalacia. In neither is the pathogenesis well understood.
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Adynamie Bone Disease

Adynamic bone disease is associated with much lower PTH levels and generally 

higher serum calcium levels than high turnover disease. There are markedly reduced 

numbers of osteoblasts and osteoclasts and therefore the number of active remodelling 

sites is profoundly diminished. There are a reduced number of mineralisation sites, 

which is linked with the decrease in active bone formation sites; thus there are few 

osteoid seams, which may be o f low or normal thickness. The decrease in bone 

formation may be so dramatic that it cannot be measured because the marker (e.g. 

tetracycline), used to quantify this feature, may fail to be taken up into the bone. The 

bone that is produced has the well-organised lamellar structure.

Low Turnover Osteomalacia

Osteomalacia is associated with low bone turnover, faulty mineralisation and an 

increase in osteoid. It therefore has many features that are similar to those of ABD; 

reduced numbers of osteoblasts and osteoclasts are associated with a decline in the 

number o f remodelling sites. Osteomalacia is characterised by a striking accumulation 

of osteoid that is associated with a defect in mineralisation, resulting in wide osteoid 

seams that occupy an increased proportion of endosteal surfaces. The matrix is 

organised in the usual lamellar structure.

Aluminium toxicity, which was common in the 1980’s, causes osteomalacia, by 

interfering with mineralisation and decreasing osteoblast differentiation. Staining 

shows deposition of aluminium on trabeculae surfaces. The degree o f osteomalacia is 

related to the quantity o f aluminium deposited (Goodman 1999; Hruska 1995; 

Malluche 1999; Sherrard 1993).
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Table 1.ii. Summary of Bone Resorption and Formation Parameters in the 

Various types of Renal Osteodystrophy.

Adynamic Osteomalacia Mild High 

Turnover

Osteitis

Fibrosa

BONE

R e s o r p t io n

Number of Low Low; but may High Very High

osteoclasts be Normal

Eroded Zones Normal, Low Low; may be 

High

High Very High

b o n e

FO R M A TIO N

Number of 

osteoblasts

Low Low High Very Higli

Osteoid

Volume

Normal or 

Low

High Normal to high Normal to high

Osteoid

Thickness

Normal or 

Low

High Normal Normal to high

Bone

Formation

Rate

Very Low to 

Low

Low High Very high

Mineralisation 

Lag Time

Normal Lengthened Normal Normal

Marrow

Fibrosis

No No No Yes
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1.5.2.3 Mixed Uraemic Osteodystrophy

In this form of osteodystrophy there is a mineralisation defect, as in osteomalacia, and 

there may be features of hyperparathyroidism, i.e. high turnover bone disease. The 

standard histological and histomorphometric measurements (see 1.8.1) are quite 

variable, reflecting different pathological aetiologies. The disease is usually 

associated with hyperparathyroidism and therefore there are often an increased 

number of remodelling sites and sometimes an increased number of osteoclasts. Sites 

of reduced activity with a lamellar structure can coexist with highly active sites 

featuring fibrosis and disorganised woven osteoid structure. There is an accumulation 

of osteoid that can be normal or of increased thickness, with woven osteoid seams 

mineralising well compared to lamellar areas where the mineral apposition rate is 

reduced (Goodman 1999; Malluche 1999).

1.5.3 Clinical Manifestations

The signs and symptoms of ROD are non-specific and do not present until late in the 

course of the disease; it is unusual that patients experience symptoms of ROD until 

they enter a dialysis program. However in asymptomatic patients there may well be 

radiological and almost certainly histological evidence of bone disease.

Untreated ROD has a devastating effect upon the skeleton (see Figure 1 .ix)
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Figure l.ix . Child with Severe ROD
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1.6.3.1 Symptoms

Bone Pain: The first symptoms are usually bone pain that is rather non specific but 

often most noticeable on exertion or weight bearing at sites where there is most 

mechanical stress, e.g. back pain, heels or ankles.

Joint Pain: Occasionally acute episodes of arthralgia may occur; these can be 

associated with intra-articular calcium-pyrophosphate crystals.

Fracture, Deformity: Fractures are uncommon in ROD, nonetheless there is an 

increased risk. Bone deformity is also uncommon although it is more likely to occur 

in children and especially those with CRF from an early age. In these cases it often 

resembles vitamin D deficient rickets. Adults may be left with deformity following a 

fracture due to poor remodelling.

Weakness: some patients complain of a slowly progressive weakness associated with 

muscular aches; this is usually a proximal myopathy of unknown aetiology. A 

waddling or ‘penguin’ gait may develop and patients may find stairs and low chairs 

difficult (Cobum 2001; Goodman 1999).

Growth Retardation: Many factors influence growth (see 1.2), and the role played by 

ROD is poorly understood. However hyperparathyroidism is one of several adverse 

aspects of CRF that affects growth. This effect occurs via its deleterious effects on 

bone; it was shown in an autopsy study that there are marked changes in the growth 

plate in osteitis fibrosa. Thus, in severe osteitis fibrosa, not surprisingly, final height is 

affected. Effects of ABD on growth are inconsistently reported and may be 

considerably influenced by one of the possible aetiological factors of this form of 

ROD, namely the prescription of high doses of calcitriol (Kuizon 1998; Kuizon 2002).
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Soft tissue calcification: this can occur at many sites and is associated with 

hyperphosphataemia; the lesions may regress if phosphate control is subsequently 

maintained. Occasionally calciphylaxis occurs. This is characterised by cutaneous 

necrosis (Cobum 2001; Goodman 1999; Reichel 1998).

Vascular calcification: It has recently been recognised that vascular calcification is 

common in patients in ESRF, and as cardiovascular mortahty is high in these adult 

patients it is an area of much research. To date there is little knowledge as to what 

extent children and adolescents are affected (Goodman 2000), although there is 

emerging evidence suggestive of early atherogenesis in children (Kari 1997). 

Hypercalcaemia: Patients who have ABD are more likely to suffer from episodes of 

hypercalcaemia and there is evidence of a decreased ability to maintain normal 

calcium homeostasis (Kurz 1994).

1.5.3.2 Radiological Features

Radiographs are not a very sensitive investigation in ROD, as they may be normal 

despite considerable histological changes. In secondary hyperparathyroidism 

radiographs of the hand are most usefiil for detecting lesions; subperiosteal erosions 

are a common finding. They are often seen at the radial aspect of the middle phalanx 

of index and mid-finger. Later on in the disease process these erosions can also be 

seen around areas of tendon attachments. There may be loss of the cortical outline, a 

fluffy trabecular pattern and generalised osteopenia. Rarely pathological fractures are 

seen. In children the growth zone, metaphysis and epiphysis, may be affected, with 

‘rickets-like’ lesions; in rickets there is failure of the growth plate cartilage and bone 

to calcify manifesting as cupping, flaring and splaying at the growth plate with an 

invisible provisional zone of calcification. Rarely brown tumours are seen in patients
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with CRF. When present soft tissue calcifications are also radio opaque (Gertner 

1999; Reichel 1998).

1.5.4 The Growth Plate

The systemic and local factors that affect bone turnover also have an effect on the 

growth plate and in doing so have implications for growth. Animal studies, although 

not always consistent, point to morphological changes in the growth plate that are 

different depending upon the underlying type of ROD and therefore the differing 

aetiologies involved. Thus both high and low turnover bone disease may be associated 

with abnormalities of chondrocyte prohferation and differentiation leading to specific 

and different pathological growth plate disturbances.

The key factors involved in the aetiology of these disturbances await investigation, 

Initial studies suggest that PTH, PTHrP and disturbances to the expression of PTHR 

on chondrocytes may be pivotal to disruptions of the growth plate. As well as 

disturbing osteoblast and osteoclast function OH, IGF-I and IGFBP are also likely to 

be major factors responsible for disordered epiphyseal plate chondrocyte development 

and growth. Effects of vitamin D upon the action of the GH network on chondrocytes 

in the epiphyseal plate have also been implicated in disturbances in growth.

It is likely that disturbances to other local mediators such as BMP and TGF-p are also 

involved (Kuizon 2002; Sanchez 1998; Sanchez 2000b).
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1.6 Management of Renal Osteodystrophy

The most effective management of ROD is prevention in the first instance. This may 

not be possible in adult practice as many patients present late in the course of the 

disease, but it may be easier in paediatric practice as many are now diagnosed 

antenatally and/or present much earlier in the course of the disease.

Successfully avoiding the development of and minimising ROD requires therapeutic 

measures that counter act or correct the key factors involved in the pathogenesis of 

disordered bone remodelling. As the pivotal factors are intimately related to each 

other many of the objectives of management are interlinked and overlap.

The comer stone of therapy is to maintain normal serum calcium and phosphate 

levels, which in turn will tend to prevent secondary hyperparathyroidism and PTG 

hyperplasia, both of which are key objectives. In addition to this vitamin D deficiency 

should be cautiously corrected. Secondary objectives of therapy are thus to prevent 

extra skeletal calcification, growth failure and avoid prolonged exposure to toxic 

compounds such as aluminium (Cobum 2001; Goodman 1999).

1.6.1 Dietary Phosphate Modification

Phosphate control is pivotal to the prevention of secondary hyperparathyroidism, PTG 

hyperplasia, extra skeletal calcification and ultimately mortality. Where possible 

dietary phosphate restriction should be introduced as early as possible in the course of 

CRF. Unfortunately protein rich foods that form much of the westem diet, e.g. dairy 

products and meat, are high in phosphate content, thus restriction is unpalatable and 

long-term compliance is low. At the other end of the scale too much of a restriction
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compromises nutrition especially of protein; this is of particular importance in 

children who require additional nutrition to permit growth (Cobum 2001; Goodman

1999). For these reasons phosphate binders are prescribed.

1.6.2 Phosphate Binding Agents

In those patients who are dialysed, because phosphate accumulates in between 

dialysis sessions and moves slowly into the extra cellular space, the net amount of 

phosphate that can be removed is limited; long term net phosphate gain is almost 

inevitable. If severe dietary phosphate restriction were possible nutrition might be 

compromised and as even limited phosphate restriction is unpalatable phosphate 

binders are also frequently prescribed in patients with moderate CRF (GFR 30- 

60mls/min/1.73m^) to maintain normal serum phosphate levels. Phosphate binders 

reduce the quantity of phosphate available for absorption in the intestine by binding 

phosphoms into complexes that are not readily soluble.

Aluminium containing compounds were previously widely used, but concerns about 

toxicity, e.g. osteomalacia (see 1.5.1.5), microcytic anaemia and encephalopathy, 

have severely limited its use.

In their place calcium based phosphate binders are used; calcium carbonate and 

calcium acetate are commonly used compounds in the UK. These compounds should 

be taken with meals to maximise the efficacy of phosphate binding and thus minimise 

absorption of both phosphate and calcium. Calcium control is comphcated as some 

degree of calcium supplementation may be indicated to replace calcium from a 

restricted dairy product diet and/or to correct hypocalcaemia. However, the use of 

large quantities of calcium carbonate has been associated with hypercalcaemia and 

extra skeletal, particularly vascular, calcification (Goodman 2000; Guerin 2000).
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These risks are increased if serum phosphate and the calcium phosphate product 

(CaxP) are raised and/or if there is concomitant vitamin D administration. Calcium 

acetate binds more phosphate than equivalent doses of calcium carbonate, however, 

patients experience a similar amount of hypercalcaemia.

Other compounds are becoming available that do not contain calcium or aluminium 

and may prove to be efficacious and without or with less side-effects (Block 2000; 

Cobum 2001; Goodman 1999; Locatelli 2002).

1.6.3 Intensification of Diaiysis

Patients in ESRF may need their dialysis to be optimised to prevent 

hyperphosphataemia.

Patients on haemodialysis may benefit firom more frequent or longer dialysis sessions. 

This allows a greater efficacy for the removal of phosphate.

Patients on peritoneal dialysis should have a dialysate calcium concentration of 1.25 

mmol/L or less (in which case hypocalcaemia must be avoided) to prevent net 

retention of calcium if taking large quantities of calcium based phosphate binders 

(Cobum 2001; Locatelli 2002).

1.6.4 Activated Vitamin D Sterois

In spite of maximal therapy with phosphate restriction and binding many patients with 

moderate CRF and ESRF develop secondary hyperparathyroidism. Deficiency of 

vitamin D, whether relative or absolute, is a key factor in the development of 

hyperparathyroidism, consequently prescription of active vitamin D (1,25- 

dihydroxy vitamin D or calcitriol) or analogues such as 1 -hydroxyvitamin D
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(alfacalcidol or 1-a calcidol) is required; this has become an established treatment 

modality. It has been shown to halt or reverse the evolution of ROD and significantly 

improves any symptomology that there may be. Positive and negative effects have 

been seen upon growth. There is suppression of the PTG reducing PTH levels and 

control of secondary hyperparathyroidism can be achieved. Effects on the regression 

of PTG hyperplasia remain controversial. Unfortunately hypercalcaemia is a relatively 

common side effect (Chesney 1978; Cobum 2001; Goodman 1999; Sanchez 1998).
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1.7 Parathyroid Hormone Assays and other Surrogate 

Markers of Bone Turnover

Over the last three decades PTH assays have changed substantially, giving more 

accurate values as newer technologies and techniques have allowed the specific 

measurement of 1-84 PTH whilst older assays also picked up many PTH fragments. 

Improvements in the assay have lead to the use of PTH as a surrogate marker of ROD 

and to the setting of clinical targets for the optimal PTH range, at least in some patient 

groups. The latest and most specific assays have allowed insight into the fimction of 

the PTG in terms of the control of 1-84 PTH secretion and intra-glandular degradation 

and opened the door to the investigation of certain long C-terminal PTH fragments 

(C-PTH) which may have clinical significance. This section describes the advances 

made in PTH assays and reviews data relating PTH levels to bone disease. The use of 

other surrogate markers of bone turnover is also discussed.

1.7.1 Parathyroid Hormone Assays

A quarter of a century ago it was recognised that there was an accumulation of 

carboxyl terminal immunoreactive PTH in patients with CRF (Freitag 1978). These 

fragments were detected by indirect immunoassays that used antisera of various 

sensitivities and this explained why uraemic patients had PTH levels that were 

excessively elevated especially when compared to levels from patients with primary 

hyperparathyroidism. In the 1980’s new immunoradiometric assays (IRMA) were 

developed that did not appear to interact with all these C-terminal fragments 

(Nussbaum 1987) and use of these assays was recommended in adults and children
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(Ledermann 1994). Use of these so called ‘intact’ assays became widespread and the 

ability to use ‘intact’ PTH levels (iPTH) as a predictor of bone turnover, at a 

population level, was recognised in pre-dialysis and dialysed patients (Hutchison 

1993; Quarles 1992; Solal 1991; Torres 1995).

The IRMA and ICMA PTH assays are sandwich assays consisting of two immuno- 

purified antibodies that bind to different epitopes on the PTH molecule. The first or 

capture antibody is immobilised to a surface and binds to an epitope in the mid part of 

the PTH molecule. The second or label antibody is radiolabelled (or chemiluminesces 

in the case of ICMA) and binds to the N-terminal end of the 1-84 PTH molecule. As 

shown in Figure 1 .x, this second labelled antibody does not bind to the first few 

amino acids of the 1 -84 PTH molecule and will therefore cross-react with long C- 

terminal PTH fragments, such as for example 7-84 PTH (Lepage 1998; Slatopolsky

2000).

Within the last few years more specific antibodies have been developed that have 

specificity for the first N-terminal amino acid; use of this antibody gives an assay that 

measures just 1 -84 PTH and does not cross-react with long C-terminal PTH fragments 

(Gao 2001; John 1999).

1.7.2 Parathyroid Hormone Levels and Bone Histology

The relationship between PTH levels and bone histology, particularly in both adult 

and paediatric patients on dialysis, suggests that supra-physiological levels of iPTH 

(2-4 times the upper limit of the normal range) are required to maintain normal bone 

turnover (Quarles 1992; Salusky 1994).
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‘intact’ IRMA

1-84 PTH
Detection
Antibody

Capture
Ar^ibody

CAP-IRMA
Figure 1.x.. Schematic o f Parathyroid Hormone Assays. Demonstrating 
binding o f CAP-IRMA capture antibody to Amino Terminal end o f PTH 
molecule (first six amino-acids shown in pink) and thus illustrates how  
intact’ IRMA will cross-reacts with long carboxyl terminal PTH fragments 
(C-PTH), with the detection antibody binding to both 1-84 and C-PTH.
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It was unclear why such supraphysiological levels should be required and in the mid 

to latel990’s it was shown that assays that measured iPTH also cross-reacted with 

no n -1-84 PTH polypeptides. In addition, in patients with CRF there was an 

accumulation of non-1-84 PTH; it was suggested that this accounted for about half of 

the excess requirement of PTH measured by ‘intact’ PTH assays (Brossard 1996; 

Lepage 1998). Others also found an accumulation of C-PTH, thought likely to be 7-84 

PTH, in patients with CRF and went on to demonstrate that this PTH fragment had 

antagonistic effects on the biological activity of 1-84 PTH. It was suggested that this 

provided an additional explanation for the requirement for supraphysiological levels 

of iPTH to maintain normal bone turnover in uraemia (Slatopolsky 2000).

1.7.3 Other Biochemical Markers of Bone Turnover

Whilst bone biopsy is the gold standard investigation for assessing the type and 

severity of ROD, it is not an investigation that is readily available or liked by patients. 

Therefore the availability of a reliable, non-invasive investigation/s that is highly 

specific and sensitive in evaluating bone remodelling is currently being sought. 

Recently a number of new assays have become available that may be usefiil in the 

investigation of bone absorption and formation, although many of them appear to add 

little to the quality of information obtained by using iPTH and ALP. The evaluation of 

the newer more specific PTH assays is awaited.

Some of the systemic factors that are currently being investigated to determine then- 

possible role in the investigation of bone turnover are listed in Box 1 .iv.

Unfortunately most of the studies to date have been in adults and not children and 

therefore even if certain factors are found to be useful they may be of no use to the 

paediatric population; the normal ranges in children are likely to be different and may
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change throughout the three stages of growth as we already know is true of 

established markers such as alkaline phosphatase and osteocalcin (Coen 1998; 

Ferreira 1998; Gertner 1999; Khosla 1999).

Box l.iv. Some Putative Surrogate Markers of Bone Turnover

Surrogate Marker Origin

Bone Formation

Bone Specific Alkaline Phosphatase 
(BALP)

Produced by osteoblasts 
involved in mineralisation

Osteocalcin (OC) Abundant ground substance protein 
produced by osteoblasts

Procollagen Typel C-terminal Propeptide 
(PICP)

Procollagen Type 1 N-terminal Propeptide 
(PINP)

}
} By-products of collagen 
} syntiiesis 
}
}

Bone Resorption

Tartrate-Resistant Acid Phosphatase 
(TRAP)

Osteoclast lysosomal enzyme

Pyridinoline (Pyr) } Cross-links collagen 
}
} Cross-links collagen
}Both are liberated by osteoclastic
jresorption

Deoxypyridinoline (Dpy)

Type 1 collagen cross-linked telopeptide 
N and C-terminal (NTx, CTx)

Generated by the resorption 
process by osteoclasts
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1.7.4 Current Recommendations for Parathyroid Hormone Levels

The most recent American National Kidney Foundation draft guidelines for the 

management of ROD in adults (NKF Working Group 2003) suggest (opinion) that 

normal range iPTH levels are appropriate with a GFR in the range 30-59 mls/min/1.73 

m .̂ For a GFR of 15-29 mls/min/1.73 m  ̂the suggested (opinion) target range for 

iPTH is 70-110 pg/mL (upper limit of normal (ULN) is 65 pg/mL). For patients with 

the most severe CRF, i.e. a GFR <15 mls/min/1.73 m  ̂or for patients on dialysis the 

recommended (evidence) range for iPTH is 150-300 pg/mL (equivalent to 2.3-4.6 

times ULN).

In the UK, the Renal Association Standards Document (Standards and Audit 

Subcommittee 2002a) states ‘... there is no evidence in childhood to suggest an 

optimal level for the maintenance of PTH’. The suggested standards are that ‘PTH 

levels should be maintained within twice the ULN, but contrary to adult standards, 

may be kept within the normal range if growth is normal.’
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1.8 Other Investigations of Bone Health

This section reviews the ‘gold’ standard for assessing skeletal health, the technique of 

bone biopsy and subsequent histological analysis. The radiological method of DEXA 

(Dual energy X-ray absorptiometry) for assessing bone mineral density (BMD) is also 

considered.

1.8.1 Bone Biopsy, Histology and HIstomorphometry

The gold standard for the investigation of ROD is bone biopsy. The biopsy is then 

interpreted using standard subjective histological methods and by the use of the more 

objective and quantitative histomorphometric methodology.

The bone sample is obtained from the anterior superior iliac spine, using a biopsy 

needle via a trans-iliac approach. The sample is placed immediately into alcohol as a 

fixative. For histomorphometric analysis sections of calcified bone are required, thus 

the sample is embedded in a plastic resin to avoid distortion on sectioning. There are 

numerous technical problems with the process although they are consistent and 

predictable, thus comparisons can be made. Each laboratory should therefore have its 

own set of similarly processed ‘controls’ with which to make comparisons.

Tetracycline labelling is an important aspect of bone histomorphometry. This class of 

antibiotic also happens to be a calcium chelator and thus binds to the most recently 

formed mineral surface; it also fluoresces. Two separate courses of tetracycline are 

given with a known time period between the courses. This results in two separate
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labels that can be identified by their fluorescence, and distances between the labels 

can be measured. This distance can then be used in the calculation of indices such as 

the bone formation rate.

The histomorphometric or quantitative assessment of a sample is conducted with the 

aid of computer software that semi-automates the process. This allows the rapid 

measurement of surfaces, thickness, volume and cell counts. Typically a series of 

‘referents’ -absolute values- are measured, the common ones are hsted in box l.v. 

From these measurements it is possible to derive a large number of informative 

indices. Some of the more important ones are also listed in box l.v and are used to 

help categorise ROD. The nomenclature has been standardised (Parfitt 1987).

Box l.v. The Main Histomorphometric Referents and Derived Indices

Referents

Trabecular Bone Volume BY

Bone Surface BS

Eroded Surface ES

Osteoid Surface OS

Mineralised Surface MS

Osteoblast Surface Ob.S

Osteoclast Surface Oc.S

Derived Indices

Mineral Apposition Rate MAR

Bone formation Rate BFR

Activation Frequency Ac.F
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1.8.2 Bone Mineral Density

Dual energy X-ray absorptiometry (DEXA) is the preferred methodology for 

measuring bone mineral content in children. It is non-invasive, quick and accurate and 

involves only a very low radiation dosage (see box 1 .vi) (Bachrach 2000; Genant 

1996). The scanner uses, as its name suggests, two energy beams that are produced 

using X-rays. These beams have different energies and differences between their 

absorption enable the calculation of bone area and bone mineral content. Bone 

mineral density (BMD) is derived from these results and corrects the bone mass for 

the area of bone being studied. The DEXA equipment comes with computer software 

that calculates the SDS or z-score reflecting data from age and sex matched controls. 

This is necessary as BMD is a dynamic quantity tliat changes with age, pubertal status 

and sex.

Box l.vi. Illustrates Comparative Radiation Doses

Radiation Doses

DEXA Lumbar Spine BMD <0.2pSv

Chest X-ray 80 pSv

Transatlantic return flight 80 pSv

The use of DEXA BMD scans in paediatric renal patients is not well reported. There 

are a number of studies in adult patients; the majority are in the dialysis population. In
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one study in adult patients on peritoneal dialysis a negative correlation between PTH 

levels and BMD was noted (Pasadakis 1996); work in patients on haemodialysis 

demonstrated similar findings, with lower BMD noted in patients with secondary 

hyperparathyroidism (Gerakis 2000). These workers also noted normal BMD scores 

in patients with histomorphometrically proven ABD. One recent large scale study in 

patients with mild to moderate CRF found that femoral BMD was not reduced in 

comparison to normal data; this is in contrast to other adverse effects of CRF which 

are noted to start early in the course of the disease (Hsu 2002). Interestingly Taal and 

colleagues recently demonstrated that a reduced total hip bone mass was an 

independent predictor of mortality in adults on chronic haemodialysis (Taal 2003).

In a small group of adolescents and young adults on dialysis BMD was found to be 

decreased in comparison to normal healthy controls (SDS -1.47) (Pluskiewicz 2002). 

In young adults who had suffered fi'om juvenile renal failure, a recent study, 

demonstrated marked bone disease with mean lumbar spine BMD SDS of -2.12 

(Groothoff 2003). However, in a study looking at pre-pubertal children with CRF 

Boot and colleagues demonstrated normal lumbar spine BMD SDS (Boot 1998).

Therefore, whilst DEXA BMD scanning is safe, efficient and non-invasive its use in 

assessing bone health in paediatric patients with CRF and on dialysis is not 

established.
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2 Research Strategy

This chapter describes the hypotheses and arms of the research that comprises this 

thesis. The overall study design is briefly described.

2.1 Hypotheses

• Normal growth, bone mineral density and bone histology can be maintained 

with normal range PTH levels, measured by ‘current’ assays, even in severe 

CRF and ESRF (where ‘current’ assays refer to widely used immunometric 

assays that show cross-reactivity with long carboxyl-terminal PTH fragments 

(C-PTH)).

• In paediatric patients with CRF and ESRF ‘current’ PTH assays overestimate 

actual 1-84 PTH levels.

• The ratio of C-PTH to 1-84 PTH increases with persistent parathyroid 

stimulation. This adversely affects growth, bone mineral density and bone 

turnover.
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2.2 Aims

• To investigate the relationship between PTH levels and growth, bone mineral 

density and bone histology in children with CRF and ESRF.

• To compare the ICMA, ‘intact’ IRMA and CAP-IRMA assays in children with 

CRF and ESRF.

• To characterise differences in the 1 -84 PTH: C-PTH ratio in children with 

varying severity of CRF and levels of PTH.

• To investigate the relationship between the 1-84 PTH: C-PTH ratio and 

growth, bone mineral density and bone histology in children with CRF and 

ESRF.

• To investigate the relationship between bone specific ALP (BALP) and 

collagen cross-linked telopeptide (CTx) and bone turnover and therefore 

determine the validity of BALP and CTx as surrogate markers of bone 

turnover in children with CRF and ESRF.
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2.3 Experimental Design

This research was divided in three parts. The titles of each part are listed below wiüi a 

brief description of the research design and main aims. The full methodologies of 

each of these three parts along with the results and arising discussion follow in 

separate chapters.

Part 1 : Parathyroid Hormone and Growth; A Retrospective Analysis

A retrospective case note analysis. The main aim was to confirm that normal growth 

is possible with normal PTH levels in children with severe CRF.

Part 2: Parathyroid Hormone Levels, Assays, Bone Mineral Density and Growth

A prospective study following children at outpatient clinics. The main aim was to 

study the ratio of 1-84PTH to C-PTH with varying PTH levels and severity of CRF, 

and to study the effect of this ratio on growth and bone mineral density.

Part 3: Bone Histology and Histomorphometry.

A cross-sectional study involving bone biopsies of children with severe CRF and 

ESRF. The main aims were to confirm that the maintenance of normal PTH levels 

permits normal bone development histologically and to assess the validity of the 1-84 

PTH; C-PTH ratio, BALP and CTx as surrogate markers of bone turnover.
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2.4 The Management of Renal Osteodystrophy at Great 

Ormond Street Hospital for Sick Children

Since the mid 1980’s the Renal Unit at Great Ormond Street Hospital has managed 

children with CRF and ESRF with the aim of normalising PTH levels in order to 

prevent the glands escaping from normal control mechanisms.

Thus management of hyperparathyroidism begins in the unit with the measurement of 

PTH levels when the GFR falls to 70 mls/min/1,73m^; currently the in-house PTH 

assay is Immuhte DPC immunochemiluminescent assay (ICMA). The aim is to 

prevent the development of hyperparathyroidism and thereby maintain PTH within 

the normal range throughout the course of CRF. The ability to do this is facilitated by 

the fact that many patients are referred early in the course of their disease and 

increasingly antenatally. Treatment begins with dietary phosphate restriction, which 

in reality particularly in infants means ensuring that patients achieve the normal 

recommended daily protein intake for weight to allow good growth. Dietary 

manipulation is followed by the introduction of calcium carbonate, with the goal of 

maintaining the serum phosphate below the 50^ centile for age. If necessary, activated 

vitamin D is prescribed at the smallest dose, so that the serum calcium is allowed to 

increase to the upper limit of the normal range.
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3 Parathyroid Hormone and Growth; A 

Retrospective Analysis

3.1 Introduction

The first stage to the research project was a retrospective case note analysis. This 

study examined the growth of children with CRF (glomerular filtration rate (GFR)<

41 mls/min/1.73 m^).

The ability to manipulate parathyroid hormone (PTH) levels by dietary restriction and 

therapeutic intervention has led to the uncertainty of optimal PTH levels in children 

with CRF and ESRF. It is generally accepted that PTH levels should be maintained at 

2 to 4 times the upper limit of normal (ULN). This is based on extrapolation fi'om 

adult data (Hercz 1993; Hutchison 1993; Sherrard 1993) which have shown that levels 

less than twice the ULN are associated with low bone turnover (adynamic bone 

disease (ABD)) in ESRF. In pre-dialysis adult patients there is limited data, but 

similar findings have been demonstrated (Hutchison 1993; Torres 1995). However, 

Hutchinson (Hutchison 1999) and the most recent Kidney Disease Outcomes Quality 

Initiative (K/DOQI) draft Guidelines (NKF Working Group 2003) suggest (opinion) 

lower PTH levels (up to about two times ULN) may be appropriate in this patient 

group, at least until the GFR is less than 15 mls/min/1.73 m .̂

There are no comparable data or recommendations in children (Standards and Audit 

Subcommittee 2002a). In children on dialysis ABD has been associated with lower 

PTH levels and poor growth (Kuizon 1998), but these data may have been 

confounded by the use of high dose calcitriol prescription. Others have found good 

growth in 2 children with ABD diagnosed by bone biopsy (Paniczyk-Tomaszewska
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1998; Ziolkowska 2000) although the type, if any, of vitamin D prescription in these 

patients was not clear. Workers at Great Ormond Street Hospital have previously 

shown that catch-up growth (a concept that is hard to reconcile with ABD) can be 

achieved with PTH levels less than 2 times ULN (Ledermann 1999).

For the last fifteen years it has been the pohcy of the renal unit at Great Ormond 

Street Hospital to maintain PTH levels within the normal range, as far as possible, 

through out the course of CRF into ESRF. Thus, this retrospective analysis 

investigated the relationship between growth and PTH levels, diet and medical 

therapy.
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3.2 Patients and Methods

Patients. The Great Ormond Street Hospital Nephro-Urology Unit database (which 

records all patients seen in the unit) was used to identify patients who presented after 

April 1989 (when current immunometric PTH assays were introduced), under the age 

of six years, with a GFR <41 mls/min/1.73m^. Patients were included if there was at 

least 2 years of clinical data documented, with a minimum frequency of 3 monthly 

clinical assessments. Children with known co-morbid features affecting growth (such 

as Trisomy 21) were excluded. Data from children who progressed to renal 

replacement therapy (transplant n= 14, dialysis n= 7) or who started growth hormone 

therapy (n=7) were included until the time of therapy change. Data collection was 

stopped at 10 years of age to ensure all patients were pre-pubertal throughout the 

course of data collection.

Data was collected from patients’ case notes, starting six months after the patient had 

first been referred or at approximately six months of age for those diagnosed 

antenatally; this included anthropometric readings of height and weight, details of 

medications prescribed, in-patient episodes and biochemical results at each visit. As 

the hospital had used several different immunometric ‘intact’ PTH assays since April 

1989, PTH levels were standardised by expressing them as a multiple of the upper 

limit of the normal range (ULN), so a PTH value equal to the ULN was expressed as a 

value of one. Similarly, because the ULN for serum phosphate varies considerably 

with age, absolute values were also converted to a multiple of the age adjusted ULN.

In total 99 suitable case notes were retrieved. The ethnic origins of the patients are 

shown in Box 3.i.
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Box 3.i. Ethnic Origins of Patients

Caucasian 69

Asian Indian 21

African/Afro-Caribbean 5

Latin American 1

Mixed Race 3

Data were collected for a mean (range) of 3.6 (1.8-4.9) years. All except two patients 

had a formal GFR measurement Chromium EDTA, normal range 80-120 

mls/min/1.73m^) during the period of study. When more than one GFR assessment 

had been made, the average of the results was taken. The median GFR was 22 (6-41 ) 

mls/min/1.73m^. The two patients who did not have formal GFR assessments botli 

had severe CRF (their mean creatinine during these periods was 687 and 369 pmol/L 

respectively); they were transplanted after 2 and 2.4 years of data collection. 

Statistics. Mean patient values were calculated for all biochemical markers recorded 

over the duration of the study period and these were used to provide an overall 

summary of the data.

When investigating growth, standard deviation scores (SDS) were calculated for 

height, weight and body mass index (BMI), using the British 1990 growth reference; 

this summarises the anthropometric measures from infancy to adulthood (Cole 2002). 

One sample t-tests were used to compare SDS values and changes in SDS values with 

the general population. Two sample t-tests or Mann-Whitney tests were used to 

compare SDS values between groups of patients e.g. use of enteral feed, yes or no.
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Pearson correlation coefficients and regression analysis were used to investigate the 

relationships between biochemical markers, SDS for anthropometric measures and 

other continuous factors. SPSS 10.0 was used for all the analyses.

Ethics. The local Research and Ethics Committee approved this research.
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3.3 Results of Retrospective Analysis

Patients. The underlying diagnoses of the 99 patients included in the study are shown 

in Box 3.Ü below. Seventy-seven of the patients were boys. The median (range) age at 

inclusion was 1.6 (0.4-6.0) years, with 29 patients being six months of age at 

inclusion. Forty-one of the 99 patients were fed via a naso-gastric (NG) tube or 

gastrostomy for some or all of the study period. Details of all in-patient admissions 

were available in 87 patients; the median number of in-patient days was six, range 0- 

125.

Box 3.Ü. Renal Diagnoses of Patients

Renal Dysplasia 

(with vesico-ureteric reflux 

Obstructive Nephropathy 

(with posterior urethral valves

56

23)

31

26)

Multisystem Disease 2

(Lowe’s syndrome, mitochondrial cytopathy)

Secondary to Severe Sepsis 2

Autosomal Recessive Polycystic Kidneys 2

Reno-Vascular Disease 2

Congenital Nephrotic Syndrome 1

Haemolytic Uraemic Syndrome 1

Tumour 1

Renal Calculi 1
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Biochemistry. The overall biochemical summary data are shown in Table 3.i. Mean 

calcium and ionised calcium levels (pH corrected) were just less than the mid-point of 

their respective normal ranges, and serum phosphate levels were 84% of the ULN 

(representing a value equivalent to the mid-point of the age adjusted normal range, 

thus half of the patients had phosphate levels above this target level); the calcium 

phosphate product was 46.3 mg^/dL^ (recommendations for adult dialysis patients are 

for this product to be less than 55 mg^/dL^(Block 2000)).The median PTH level was 

equal to the ULN; 76% of patients had a PTH level of less than 2 times the ULN 

through out the study period. There was a weak but significant correlation between 

serum phosphate and PTH levels (r=0.39, p<0.001).

Medications. Details of calcium carbonate/acetate, sodium bicarbonate, erythropoietin 

and vitamin D (alfacalcidol) prescription are shown in Table 3.ii. A majority of the 

patients were taking a phosphate binder, sodium bicarbonate and alfacalcidol, 

(additionally one patient with autosomal recessive polycystic kidney disease was on 

calcitriol), whilst only 20 patients were treated with erythropoietin.

Nine patients experienced an episode of marked hypercalcaemia (Ca >3.0 mmol/L) 

during the study period, equivalent to one episode every 40 patient years. In four 

patients the dose of alfacalcidol was reduced. In the other five patients alfacalcidol 

was stopped (but subsequently restarted in three patients). In all patients this alteration 

rapidly resulted in normocalcaemia. Eight of these hypercalcaemic episodes were 

associated with a significant increase (greater than 10%) in serum creatinine. In six 

patients creatinine levels returned to previous levels by the next appointment. Botii of 

the other patients were in end stage renal failure imminently awaiting peritoneal 

catheter insertion.
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Table 31 Mean Biochemical Values of all Patients throughout the Study 

Period.

Mean Range of Patient Means

Haemoglobin (10.0-14.5 g/dL) 11.4 8 .2-14 .0

Sodium (135-145 mmol/L) 139 137-143

Potassium (3.5-5.5 mmol/L) 4.2 3 .5 -5 .7

Bicarbonate (18-26 mmol/L) 22 1 8 -2 6

Urea* (2.5-6.6 mmol/L) 12.6 4 .8 -29 .6

Creatinine* (0-74 |imol/L) 140 5 1 -6 8 7

Calcium (2.22-2.74 mmol/L) 2.50 2 .44-2 .66

Ionised Calcium (1.15-1.41 mmoVL) 1.24 1.1-1.33

Magnesium (0.74-1.0 mmol/L) 0.89 0 .68-1 .29

Albumin (35-55 g/L) 40 3 0 -4 6

Alkaline Phosphatase* (110-440 U/L) 251 120-787

Phosphate (proportion of ULN) 0.84 0.69-1.23

Parathyroid Hormone* (proportion of 1.0 0 .3 -9 .5

ULN)

Calcium x Phosphate Product mg^/dL^ 46.3 36.0-60 .2

N o rm al  ran g e  a n d  u n its  in  pa renth eses  (br ea k d o w n  of ag e  dependent

RANGES GIVEN IN APPENDIX 7 . 1 )

* M edia n  V alue

N ote  Ra n g e  of Patient  m e a n s  refers to  Su m m a r y  D a t a



Table 3.ii

P resc r iptio n  of Stan d a r d  Th er a pie s .

Calcium Carbonate 

mg/kg/day

Sodium Bicarbonate 

mmol/kg/day

Erythropoietin

Units/kg/week

1-a calcidol 

mcg/kg/day

Number of patients 87 86 20 88

Median Dose 150 1.3 106 0.015

Range 40 - 650 0.4-6.3 37 - 290 0.003-0.1
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There was a weak but significant correlation between dosage of calcium carbonate 

and serum calcium, but not ionised calcium (r=0.25, p=0.02 and r=0.12, p=0.3, 

respectively). The correlation with serum calcium levels was dependent upon the 12 

patients prescribed the largest doses of calcium carbonate (<300mg/kg/day). The dose 

of alfacalcidol correlated with PTH levels (r=0.7, p<0.001), but not with serum 

calcium levels. Again this relationship was dependent upon the 10 patients prescribed 

the largest doses of alfacalcidol (>0.04 mcg/kg.day).

Those prescribed erythropoietin had a lower haemoglobin level than those not on this 

medication (10.3 g/dL compared to 11.7 g/dL, p<0.001) and patients who required 

erythropoietin were those with the worst CRT (p=0.016, Mann-Whitney).

Growth. Mean height (Ht), weight (Wt) and BMI standard deviation scores (SDS) at 

inclusion are shown on Table 3.iii. All three of these anthropometric indices were 

negative and the p-values, shown in Table 3.iii, demonstrate that these children were 

significantly growth retarded for all three indices at inclusion. The mean change in Ht 

SDS, fi'om inclusion to the last visit, was +0.30, which represented an increase in Ht 

SDS per year (AHt SDS) of +0.09. As children are expected to grow along a centile 

(to at least maintain the same SDS over time), a one sample t-test against a 

hypothesised no change in SDS showed that this growth was significantly greater than 

expected (p=0.004), i.e. that there was catch-up growth. This increase in AHt SDS 

was independent of age at inclusion (r=-0.14, p=0.16), GFR (r=-0.001, p=0.99), PTH 

levels (r=-0.04, p=0.7), the use of enteral feeds (p=0.16, see Table 3.iv) and the 

amount of time the child had spent in hospital (r=-0.09, p=0.41). Even though patients 

were young (1.6 years) at inclusion, the change in Ht SDS during the first year of 

treatment was also independent of age (r=-0.03, p=0.8). Furthermore the increase in 

the AHt SDS was not related to the quantity of calcium based phosphate-binder or 1-a



- 12 8 -

calcidol prescribed (r=-0.1, p=0.30 and r=-0.06, p=0.59, respectively) or 

erythropoietin prescription (p=0.92, see Table 3.iv).



T a b l e  3 .i i i .

M e a n  H e ig h t , W e ig h t  a n d  B M I SDS a t  In c lu s io n  a n d  M e a n  C h a n g e  p e r  y e a r .

Ht SDS

Change in 

Ht SDS 

per year

Wt SDS

Change in 

WtSDS 

per year

BMI SDS

Change in 

BMI SDS 

per year

Mean -1.73 0.09 -1.79 0.24* -0.88 0.37

Range -5.0 to 1.1 -0.7 to 1.5 -5.6 to 1.6 -0.5 to 1.9 -4.2 to 2.0 -0.5 to 2.2

t-test p=0.004 p<0.001 p < 0 .001** p<0.001 p<0.001

to

* MEDIAN ** MANN-Whitney
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Table 3.iv. Change in Height, Weight and BMI SDS per Year depending upon 

Erythropoietin Prescription and Enteral Feeding.

Erythropoietin

Yes No t-test 

(n=20) (n=79) p value

Enteral Feeding

Yes No t-test 

(n=41 ) (n=5 8) p value

Change in Ht SDS per year 0.08 0.09 0.P2 0.13 0.05 0.16

Change in Wt SDS per year 0.41 0.3 0.47 0.22 0.005

Change in BMI SDS per year 0.5 0.34 0.77 0.56 0.24 0.002

GFR mls/min/1.73m^ 18 23 0.03 19 25 0.003
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The growth rate was not different between those that suffered an episode of 

hypercalcaemia and those that did not (p=0.06).

The AHt SDS was associated with a concomitant increase in Wt SDS (r=0.63, 

p<0.001). Figure 3.i shows how the catch-up growth was distributed over the years of 

treatment. There was an apparent trend for the majority of the catch-up growth to take 

place during the first few years, but due to the large variances, the change in Ht SDS 

for any one particular year was not significantly different fi'om normal; only the 

cumulative data demonstrate the catch-up growth. The final Ht SDS was -1.43, which 

remained significantly lower than the normal population (p<0.001 ).

Although the provision of NG or gastrostomy feeding was not associated with any 

change in the Ht SDS, it did significantly improve Wt and BMI SDS per year (p<0.01 

for both, see Table 3.iv). Both of these indices were also negatively correlated with 

GFR (Wt T= -0.26, p=0.01, BMI r= -0.35, p=0.001). However, those being enterally 

fed had a lower GFR (p=0.002, Mann-Whitney) and multiple regression analysis 

suggested that enteral feeding accounts for some of this relationship. PTH levels were 

not different between those enterally fed and those not (p=0.74, Mann-Whitney).
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Figure 3.i

Change in Height SDS by Year of Treatment and Overall
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p-0.002

p=0.004

5 Overall Overall per
(ave.3.6 yrs) year

(AHt SDS)

(Error Bars represent 95 % Confidence Interval)
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3.4 Discussion

These data demonstrate that in children with moderate to severe CRF (GFR <41 

mls/min/m^) who are not yet on dialysis, calcium and phosphate can be maintained 

within the normal range and PTH can be maintained at the ULN using dietary 

phosphate restriction, calcium based phosphate binders and small doses of 

alfacalcidol. The rate of growth of these children was above normal. Although there 

were infrequent episodes of hypercalcaemia, these resolved rapidly, without long

term effects on renal function.

As discussed in the introduction (see section 1.4), secondary hyperparathyroidism 

develops early in the course o f CRF (Malluche 1976). If untreated, parathyroid 

hyperplasia and disordered calcium (Brown 1982) and vitamin D-regulated PTH 

secretion develop (Korkor 1987; Llach 1975). Bone biopsies have shown that PTH 

levels of up to twice ULN are associated with ABD. Levels over 4 times the ULN are 

associated with high turnover bone disease, whereas levels between 2 and 4 times the 

ULN are associated with normal bone turnover (Sherrard 1993; Torres 1995) in 

ESRF. Similar findings have been demonstrated in pre-dialysis adult patients 

(Hutchison 1993; Sherrard 1993; Torres 1995). For this reason, current 

recommendations are that PTH levels should be managed within 2 to 4 times the ULN 

for ESRF patients (evidence) and levels of up to 2 times ULN in pre-dialysis patients 

(opinion) (Hutchison 1999; NKF Working Group 2003). These studies have been in 

adult patients with established CRF, whereas many children with CRF are now 

identified early because of antenatal screening. The situation in children is further 

complicated not only by the lack of evidence but also by growth, because growth 

necessitates the A-R-F sequence to be active especially in the growth plate and
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considerable quantities of calcium and phosphate are consumed in the formation of 

the mineral matrix.

The potential risks of ABD, which is associated with an increased incidence of 

fractures (m adults) (Taal 1999) and a decreased ability to handle a calcium load, need 

to be balanced against those of persistently high PTH levels, parathyroid hyperplasia, 

high turnover bone disease and the risk of possible parathyroidectomy (Fukagawa 

1999). Most importantly, PTH is an independent risk factor for vascular disease 

(Rostand 1999) and hyperparathyroidism has been associated with cardiovascular 

disease in CRF (De Boer 2002; Oh 2002). Therefore, Great Ormond Street Hospital 

Renal Unit have adopted the policy to aim for PTH levels within the normal range so 

that the parathyroid glands are not allowed to escape control.

Given the inconsistencies that exist in the limited published data, one theoretical 

danger of this pohcy is that growth might be disadvantaged by a low bone turnover 

state. However, the rate of growth seen in the patients studied is greater than that 

reported previously by others (Karlberg 1996; Schaefer 1996); these multicentre data 

did not investigate PTH, but represent a variety of different PTH management 

policies. In experimental animals (rats) with renal failure, intermittent PTH 

administration has a positive effect on linear growth (Schmitt 2000). The same 

authors have recently demonstrated a weak relationship between change in Ht SDS 

and PTH levels in children (Schmitt 2003), although the correlation was ‘mainly 

dependent on the 2 patients with the highest PTH’. In contrast, the catch-up growth 

seen in the patients in the current study was not related to higher PTH levels, although 

numbers are too small (only 13 patients had a mean PTH greater than 2 x ULN) to 

definitively determine whether hyperparathyroidism improves linear growth.
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Furthennore, the risk, in the long term, of increased morbidity and mortality 

associated with hyperparathyroidism may outweigh the advantages of any theoretical 

further improvement in growth in this group of children.

The European Study Group data (Schaefer 1996) reported poor growth rates in the 

first 6 months of life and between the ages of nine months and 2 years, with growth 

parallel too but below the centiles thereafter in children with a GFR <50 

ml/min/1.73m^; the mean Ht SDS was -2.37 ± 1.6. Workers at Great Ormond Street 

Hospital have previously shown considerable catch-up growth in children aged less 

than 2 years (Kari 2000; Ledermann 1999). These current data demonstrate catch-up 

growth beyond 2 years of age. Although the catch-up in height growth achieved in 

this older cohort was relatively small, it is significant, but still leaves these patients, as 

a group, shorter than normal.

One previous study of cliildren on dialysis has associated PTH levels of up to twice 

the upper limit of normal with ABD and poor growth (Kuizon 1998). However, in this 

study high doses of intermittent calcitriol were used, and it has been suggested, from 

animal studies, that calcitriol may negatively affect linear growth (Sanchez 2000a). In 

comparison, patients in this retrospective analysis were prescribed relatively low 

doses of alfacalcidol and there was no relationship between dosage of this medication 

and growth; small doses of 1,25 (0H)2 vitamin D have been shown to improve growth 

(Chesney 1978). Hypercalcaemic episodes occurred in a small proportion of the 

patients; this is one of the clinical signs of ABD. Despite this, these children did not 

show a reduced growth velocity in comparison to those who remained 

normocalcaemic; although not significant the trend was that these nine patients grew 

better than others, (AHt SDS 0.45 cf. 0.05, p=0.06); the small numbers involved make
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this difficult to interpret. It is not known whether these hypercalcaemic episodes will 

have had an adverse effect on vascular calcification, as an increase in calcium 

phosphate product is associated with vascular calcification (Block 2000; Cozzolino 

2001); although each episode was short-lived and easily reversible when the 

alfacalcidol was stopped.

Calcium supplementation has been associated with impaired growth in experimental 

animals (rats) with renal failure (Sanchez 2000b) and high doses of calcium based 

phosphate binders have been associated with vascular calcification in one study in 

humans (Goodman 2000); this was an association arising from the correlation 

between calcium carbonate/acetate dosage and coronary calcification rather than a 

study designed to look at the effects of these agents upon the vascular system. In this 

current study there was no relationship between growth and prescription of calcium 

based phosphate binders but there was a weak correlation between prescription of 

these medications and serum calcium levels, presumably reflecting a degree of 

gastrointestinal absorption of calcium from these compounds when prescribed at high 

doses. It may be that the use of a non-calcium based phosphate binder would be 

appropriate in patients requiring large doses of calcium-based compounds.

On the other hand one of the consequences of strict control of serum phosphate levels, 

using calcium base binders especially at dosages that did not increase serum calcium 

levels, was that the calcium phosphate product remained low, much lower than the 

recommended upper limits for adult ESRF patients (Block 2000); this is despite the 

fact that the paediatric ULN for phosphate is greater than that for adults (see appendix 

7.1). Block et al made this recommendation because a higher calcium phosphate 

product was associated with an increase in cardiovascular morbidity and mortality.
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therefore there are possibly theoretical long-term advantages of this management 

strategy for the cardiovascular system.

The strength of the relationship between the dosage of alfacalcidol and PTH levels 

was dependent upon 10 patients prescribed the largest doses. Whilst one may have 

expected those with higher PTH levels to require increasing doses of alfacalcidol, one 

would also have expected PTH levels to have been controlled. Clearly this was not the 

case and therefore, perhaps there was a degree of non-compliance with medications, 

which lead the clinician to erroneously increase doses without any apparent effect 

upon parathyroid gland control.

The prescription of recombinant human erythropoietin has not consistently been 

associated with improved growth (Damme-Lombaerts 1999; Jabs 1996; Lindner 

1974). Data from the current study did not demonstrate any effects upon growth. Tliis 

lack of effect may reflect the fact that these patients had more severe CRF and a low 

mean haemoglobin of 10.3 g/dL (recent recommendations are that children over the 

age of two years should achieve a haemoglobin of >10.5g/dL (Standards and Audit 

Subcommittee 2002b)).

Growth failure in CRF has been associated with a more complicated clinical course 

than in patients with normal growth (Furth 2002). However, this current research did 

not find any relationship between the number of days of hospitalisation and growth 

velocity, perhaps as only 15 of these patients spent more than one week per year in 

hospital.
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The increase in Ht SDS was associated with an increase in the weight SDS, which 

was of a greater order of magnitude, being almost a quarter of a SDS per year. 

Achieving nutritional goals has been shown to be critical in maximizing growth 

potential, particularly before 2 years of age (Ledermann 1999). The importance of 

optimising calorie and protein intake via the use of NG or gastrostomy feeds was 

highlighted by the observations that catch-up weight gain was greatest in those that 

were artificially enterally fed and that if taken as a sub-group, those who were not 

artificially enterally fed did not exhibit significant catch-up height growth.

In conclusion, infants and children with CRF are growth retarded. However, dietary 

intervention, correction of electrolyte and acid-base imbalances and strict serum 

phosphate and calcium control aimed at normalising serum PTH levels allow a degree 

of catch-up growth to occur in infants and young children. These data suggest that a 

population median PTH level at the ULN allows good growth but do not permit 

determination of the optimal PTH level to maximise growth.
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4 Parathyroid Hormone Levels, Parathyroid 

Hormone Assays, Bone Mineral Density and 

Growth

4.1 Introduction

The Optimum management of hyperparathyroidism in children, who have a hfetime of 

inadequate renal function ahead of them, is even more important than for adults, 

because of the potential to affect growth (Rigden 1996; Salusky 1996) and because 

PTH is an independent risk factor for cardiovascular disease (Barenbrock 1998; 

Rostand 1999). There is, however, little evidence on which to base recommendations 

for optimum PTH levels in children (Standards and Audit Subcommittee 2002a). 

Published data relate to studies in dialysed children (Kuizon 1998; Salusky 1994; 

Ziolkowska 2000) and although concurring with adult data regarding the relationship 

between PTH levels, bone turnover and ROD, are inconsistent with regard to effects 

upon growth.

Explanations for the necessity of supra-physiological PTH levels have been based 

upon the concept of ‘skeletal resistance to PTH’, the mechanism for which is unclear 

(Llach 1975). However, it has recently been recognised that current 

immunoradiometric (‘intact’ IRMA) PTH assays exhibit cross-reactivity between 1- 

84 PTH and long carboxyl-terminal PTH (C-PTH) fragments (likely to be 7- 

84(Lepage 1998)), resulting in an overestimation of the actual 1-84 PTH levels 

(Lepage 1998; Slatopolsky 2000; Tanno 2003). Furthermore, it has been shown that 

7-84 PTH has an inhibitory effect upon the biological actions of 1-84 PTH (Langub
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2003), mediated at a separate C-terminal receptor (Divieti 2001; Divieti 2002; 

Inomata 1995). It is, therefore, likely that C-PTH is implicated in PTH ‘resistance’, 

which is o f particular importance as C-PTH levels increase with worsening renal 

function (Brossard 2000). With the introduction of a commercial assay, Cyclase- 

Activating-PTH (CAP-IRMA), that specifically measures only 1-84 PTH (Gao 2001 ; 

John 1999), evidence for the clinical effects of C-PTH is emerging. Monier-Faugere 

and colleagues (Monier-Faugere 2001) have recently shown that the 1-84 PTH: C- 

PTH ratio is an accurate predictor of bone turnover in adult patients on dialysis not 

treated with vitamin D; a ratio of less than one was associated with low bone turnover. 

However, similar results were not obtained in recently published data in 

haemodialysis patients and adolescent patients on peritoneal dialysis (Coen 2002b; 

Salusky 2003). Further investigation of this ratio is needed (Goodman 2003; Reichel 

2003). If C-PTH has a biological activity in adults it is also likely to antagonise the 

actions of 1-84 PTH in children as well. To date the role of C-PTH and its effects, if 

any, on the growing skeleton and therefore upon growth are undetermined.

Recently two small paediatric studies of 8 and 12 patients respectively (John 1999; 

Salomon 2001) investigating C- PTH, concluded that the availability of a newer more 

specific PTH assay may have significant implications for the treatment of ROD in 

children. Further studies are needed before recommendations for the management of 

ROD in children can be made.

This part o f the research prospectively investigated the relationship between PTH 

levels and growth. It also investigated differences in and characterised the ratio of 1- 

84 PTH: C-PTH in a large number of children with varying severity of CRF and with 

PTH that varied fi’om normal to supra-physiological levels. The relationship o f these 

PTH peptides to HMD and growth were also investigated. The results are reported in
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two sections: the first relating to a cross-sectional analysis of children at the time of 

recruitment; and the second section relating to a longitudinal analysis on children who 

were successfully followed over the study period. These data are brought together in 

the discussion (see 4.5).



143-

4.2 Patients and Methods

Patients

Between July 2001 and March 2003 patients were recruited from CRF, dialysis and 

transplant clinics at Great Ormond Street Hospital. All patients attending clinic with a 

GFR < 60 mls/min/1.73m^ or on dialysis were approached. Each patient and/or 

parents/guardians consented to the taking of additional blood samples at the time of 

routine blood taking, at each clinic visit over the coming year or so. Samples were 

routinely collected for sodium, potassium, bicarbonate, urea, creatinine, calcium, 

ionised calcium, magnesium, phosphate, alkaline phosphatase, albumin and PTH 

(ICMA). The additional samples were for the CAP-PTH and iPTH 

immunoradiometric assays (IRMA), see Box 4,i. Basic anthropometric measurements, 

(height and weight) and information on medical therapy were also collected. Those 

over the age of 5 years were also consented to have a DEXA (Double Energy X-Ray 

Absorptiometry) bone scan.

In addition, ‘control’ children with normal renal function were recruited from patients 

having ENT (Ear, Nose and Throat) operations. These ‘controls’ had blood drawn on 

one occasion for PTH, urea, creatinine and electrolytes from an in-dwelling 

intravenous catheter placed for the purposes of anaesthesia. From each child four 

serum samples were taken for PTH assays; as for the renal patients two samples were 

for the IRMAs and one for the in-house (ICMA) PTH assay; the fourth sample was 

assayed using an updated ICMA (New-ICMA).
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Box 4.1. Parathyroid Hormone Terminology and Abbreviations

Assay PTH

In-house assay

Immunochemiluminescent Assay (ICMA)

ICMA ICMA-PTH

New-ICMA new-ICMA-PTH

Additional assays

Immunoradiometric Assay (IRMA)

‘intact’ IRMA iPTH

CAP-IRMA CAP-PTH
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Cross-sectional analysis

In June 2002 a preliminary cross-sectional analysis was performed. At this time 241 

patients had been recruited from clinics at Great Ormond Street Hospital. There were 

156 children with a GFR < 60 mls/min/1.73m^, managed conservatively (CRF group); 

49 renal transplant patients with a GFR < 60 mls/min/1.73m^ (transplant group); 26 

patients maintained on peritoneal dialysis and 10 on haemodialysis (dialysis group).

In addition 53 patients with normal renal function were also recruited (control group). 

Whilst all patients had a CAP-PTH sample processed not all always had sufficient 

serum taken for all assays.

Longitudinal analysis

Serum samples and data collection continued from these 241 patients at subsequent 

clinics over the next year and a further 10 patients were recruited. In total 194 patients 

were included in the longitudinal analysis. All patients with a GFR < 60 or on dialysis 

were approached to take part in this research. Minimum criteria for inclusion were 

attending and providing sufficient data, including serum samples for in-house ICMA- 

PTH, at a minimum of three clinics over a minimum period of six months, as this is 

the absolute minimum time period over which growth can be assessed. The maximum 

time period between clinic visits was six months. Patients were excluded from this 

analysis if they were on growth hormone (12 patients). The main reasons for patients 

not being included in the longitudinal analysis can be seen from the flow chart below 

(Figure 4.i). Thirty-one patients were excluded due to lack of data; either infrequent 

or irregular clinic visits or inadequate serum samples.



F ig u r e  4 .i . P r o g r e s s io n  o f  P a t ie n t s  f r o m  C r o s s - s e c t io n a l  t o  L o n g it u d in a l  A n a l y s is

Cross-sectional
Analysis

New Changed 
Modality

Excluded/Lost Longitudinal
Analysis

CRF 156 -► +3 -► -22 Insufficient yisits/serum 
-4 Transplanted (2 patients on rhGH) 
-2 to HD (1 patient on rhGH)
-2 toPD 
-2 on rhGH

CRF 127

HD 10 -► +1
+1 from Tx 
+3 from PD

-► -5 on rhGH 
-2 Transplanted 
-1 toPD

-> • HD 7

PD 26 -► +2
+2 from CRF 
+1 from HD

-► -7 Transplanted (1 patient on rhGH) 
-1 Patient died 
-1 Patient transferred 
-3 to HD (1 patient on rhGH)

-► PD 19

Tx 49 -► +4 -► -9 Insufficient yisits/serum 
-2 to HD
-1 Re-transplanted

-► Tx 41

Total 241 Total 251 Total 194

CRF Chronic Renal Failure, HD Haemodialysis, PD Peritoneal Dialysis, Tx Transplanted patient(s), rhGH Recombinant Human Growth 
Hormone.
Insufficient visits/serum; patient did not meet minimum data collection criteria (see text).
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During the course of the study a number of patients changed treatment modality; most 

of these patients did not have enough data available from either modality to be 

included. A few of patients did provide sufficient data whilst on one modality of 

therapy to be included (see ‘Changed Modality’ in flow chart), any individual patient 

was only included once.

The 194 patients included comprised 127 children with a GFR <60 mls/min/1.73m^ 

managed conservatively (CRF group); 41 renal transplant patients with a GFR <60 

mls/min/1.73m^ (transplant group); 19 patients on peritoneal dialysis (PD group) and 

7 on haemodialysis (HD group). These 26 patients together formed the dialysis group.

GFR

GFR was measured using ^^Chrominum EDTA (normal range 80-120 

mls/min/1.73m^) or calculated using the Schwarz formula (Schwartz 1976) if this 

formal investigation had not been performed in tlie 18 months prior to recruitment.

Assays

All PTH samples (EDTA plasma) were sent to the laboratory immediately after blood 

was drawn, where they were centrifuged. In-house ICMA-PTH was performed using 

an Immulite 2000 automated immunoassay analyser from DPC (Diagnostic Products 

Corporation, Los Angeles, CA, USA) and DPC-Intact PTH assay kits. In August 2002 

the assay kit was updated and a more specific detection antibody was introduced. The 

normal range was altered from 1.1-5.4 pmol/1 (10.4-51.3 pg/mL) to 0.7-5.6 pmol/L (7- 

53 pg/mL) and overall a fall of 35 % in ICMA-PTH levels was predicted. However, it 

was still noted in the product data sheet that ‘..one such fragment, PTH 7-84, exhibits 

significant cross reactivity (>= 50 %) in the Immulite 2000 PTH assay’. Assay 

sensitivity was 0.1 pmol/L (1.0 pg/mL) and the intra-assay and inter-assay variances
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were less than 6 % and 9 % respectively. Overall summary data for ICMA-PTH and 

new-ICMA-PTH values were calculated by expressing the values as multiples of the 

ULN.

Following centrifugation all other PTH samples were frozen at minus 70°C for no 

longer than four months, before being sent to Scantibodies Laboratory, Inc., for 

analysis. Both laboratories were blinded to all clinical data. Plasma 1-84 PTH was 

determined by the CAP-IRMA (Cyclase Activating PTH-Immunoradiometric Assay) 

using an 1-125 radiolabelled detection antibody with a specificity that is dependent on 

the presence of the first amino acid from the N-terminal site (Whole PTH ™; 

Scantibodies Laboratory, Inc., Santee, CA, USA) (Gao 2001). The reference range for 

the assay in normal individuals is 5 -  39 pg/mL with an assay sensitivity of 1.0 pg/mL 

and a linear measurement range up to 2100 pg/mL for undiluted patient samples. The 

intra-assay and inter-assay variances were less than 5 % and 8 % respectively. The 

plasma total ‘intact’ PTH (iPTH) value was determined by an IRMA 

(Immunoradiometric Assay, Scantibodies Laboratory, Inc. Santee, CA, USA) (‘intact’ 

IRMA) which measured both 1-84 PTH and 7-84 PTH in an equal molar maimer 

{Abstract Gao 2000). This assay has a reference range of 14 -  66 pg/mL and showed a 

detection sensitivity of 1.2 pg/mL. Its intra-assay and inter-assay variances were less 

than 5 % and 7 % respectively.

When sufficient blood was obtained for both assays, plasma concentrations of C-PTH 

were determined by subtracting the CAP-IRMA value from the iPTH value. The 1-84 

PTH: C-PTH ratio was then calculated (Monier-Faugere 2001) (see Box 4.ii). This 

ratio was calculated as recent publications aimed at establishing the clinical 

usefulness of this parameter have been inconclusive (Cantor 2003; Coen 2002b). The 

range of values that were obtained was quite wide and was not normally distributed, 

requiring transformation before statistical analysis. A simpler calculation that of CAP-
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PTH/iPTH returns a value that also expresses the relationship between ‘agonist’ 1-84 

PTH and ‘antagonist’ C-PTH; this value must by definition he between 0 and 1. This 

parameter had a normal distribution (p=0.53, Kolmogorov-Smimov) that therefore did 

not require transformation; data were analysed using this parameter as well.

Box 4.Ü. The Different PTH Assays, What they Measure and Nomenclature Used

‘intact’ IRMA measures iPTH representing 1-84 PTH and C-PTH

CAP-IRMA measures CAP-PTH representing only 1-84 PTH

C-PTH = intact’ IRMA -  CAP-IRMA

1-84 PTH: C-PTH Ratio = CAP PTH/(iPTH - CAP-PTH)

CAP-PTH/iPTH Proportion= CAP-PTH/iPTH

Routine clinical chemistry tests (for urea, creatinine, calcium, phosphate, alkaline 

phosphatase and albumin) were measured on a Vitros 750 analyser (Johnson & 

Johnson) utilizing dry chemistry slides. These slides are composed of a multilayer
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analytical component with a spreading layer on top, which distributes the patient 

sample into underlying layers. Ionised calcium was determined using a Ciba-Coming 

634 calcium/pH electrode analyser and Bayer diagnostic reagents (Bayer Diagnostic 

Division, Newbury, UK).

DEXA

Patients were invited to have a DEXA BMD scan of the lumbar spine (L2-L4) at one 

of their regular clinic appointments during the course of the study. Apart from six of 

the initial scans the same operator conducted all the remaining scans. A Lunar 

General Electric Prodigy scanner (GE Medical Systems, USA) was used. BMD SDS 

were calculated using age and sex match control data and software supplied with the 

machine. These control data are based upon a large group of North American 

children. As no normative data has been collected in under 5 year olds, patients up to 

this age were not included in this part of the research. An example of the report 

generated is shown in appendix 7.2.

Ethics

The local Research and Ethics Committee approved this research. Written consent 

was obtained from parents and, where appropriate, participating adolescents.

The Ethics Committee made the requirement that all DEXA scans coincided with an 

out patient clinic appointment or other hospital appointment to minimise disruption to 

patient and family.
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Statistics

Data were analysed using SPSS 10.

Those measurements that were not normally distributed were log (10) transformed; 

these included serum urea and creatinine levels and PTH levels as measured by all 

assays and also the 1-84 PTH: C-PTH ratio. Means values were therefore expressed as 

geometric means. The different PTH assays were compared using ANOVA. Multiple 

regression was used to investigate inter-assay differences between patient groups. 

Independent t-tests were used to compare all renal patients with the control group. For 

non-parametric distributions, such as GFRs, Mann-Whitney test was used for 

comparison between two patient groups. Kruskal-Wallis test was used to compare 

non-parametric data, such as age, between groups of patients.

32 control patients were required to show a one standard deviation difference between 

assays at 1 % significance 90% power.

For the longitudinal data, mean patient values were calculated for all biochemical 

markers recorded over the duration of the study period and these data were used to 

provide an overall summary of the data.

Phosphate levels are particularly age dependent, thus a corrected phosphate level was 

calculated by expressing the phosphate level as a proportion of the age dependent 

ULN.

From August 2002 the ICMA PTH assay kit used at Great Ormond Street Hospital 

Chemical Pathology Laboratories was replaced with an improved version with a more 

specific detection antibody. Although the normal range changed little there was a 

predicted 35 % fall in PTH levels measured by the new assay. Thus to estimate 

overall ICMA-PTH levels during the study, individual values were also expressed as a 

proportion of the relevant ULN.
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When investigating growth, standard deviation scores (SDS) were calculated for 

height and weight using the British 1990 growth reference; this summarises the 

anthropometric measures from infancy to adulthood (Cole 2002). Changes to these 

data over the study period were standardised to rate of change of the SDS per year. 

One sample t-tests were used to compare SDS values and changes in SDS values with 

the general population. Pearson correlation coefficients and regression analysis were 

used to investigate the relationships between biochemical markers, SDS for 

anthropometric measures and other continuous factors.

Kolmogorov-Smirnov test was used to assess the normality of distributions.

ANOVA was used to assess differences between several groups, with post-hoc 

Bonferroni or Tamhane’s T2 statistics being used depending upon the homogeneity of 

the variances as assessed by Levene’s statistic. Although details of each patient group 

were given in demographic and biochemical tables the peritoneal and haemo-dialysis 

patients, due to small numbers, were grouped together for some analyses and 

graphics.
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4.3 Results of Cross-Sectional Analysis

Basic demographic data are shown in Tables 4i & 4.ii. There was no difference 

(p=0.9) in the mean (range) age of the CRT group, 8.1 (0.3-18.0) years, and the 

control group, 7.3 (0.4-16.0) years. However, the mean age of all the renal patients 

was 9.6 (0.3-18.0) years, which was significantly older than the control group 

(p<0.01) as the dialysis and transplant groups consisted of older children (mean age 

12.1 and 12.4 respectively). The percentage of males was not different between the 

renal patients (63.5%) and the control group (58.5%) (Chi-squared= 0.46, p=0.5). The 

vast majority (71%) of patients had a formal ’̂Chromium EDTA GFR investigation; 

the Schwartz formula was used for estimating the GFR in the remaining 29% of 

patients. The CRF patients had a GFR (median, range, ml/min/1.73m^) of 34 (7-60), 

which was significantly lower than that of those with a renal transplant 39 (9-60) 

(Mann-Whitney p=0.011).

As would be expected, the means of the urea and creatinine levels were significantly 

different between the renal patients and control group (Table 4.i). Table 4.ii shows 

that mean serum calcium and phosphate levels were also significantly different 

between these two groups, and interestingly the renal group had a lower serum 

phosphate and higher calcium levels. Indeed serum phosphate levels in moderate CRF 

(GFR 30-60 ml/min/1.73m^) were less than those in patients with more severe CRF 

(GFR <30 ml/min/1.73m^) and controls (p=0.049 and p=0.001 respectively, post-hoc 

Tamhane). Similarly serum phosphate levels in transplanted patients were 

significantly less than those in patients with severe CRF and controls (p<0.001 for 

both).



Ta bl e  4 .i . D em o g ra ph ic  D a t a  a n d  M ea n  Serum  Biochem ical  Levels  by  P a tien t  Gr o up

Controls
(normal

renal
function)

n=53

Renal patients 
n=241

Renal 
patients c.f. 
control 
p value

Chronic renal 
failure 
n=156

Dialysis
n=36

Transplant
n=49

p value 
ANOVA

Sex M: F 58:42 63:37 =0.5** 67:33 53:47 59:41 =0.39**

%

Age,
median
(range)

7.3

(0.4-16.0)

9.6

(0.3-18.0)

<0.01 8.1

(0.3-18.0)

12.1

(3.2-17.1)

12.4

(3.8-17.1)

<0.01

Urea*
mmol/L

4.1

(S.7-4.5)

10.8

(10.1-11.6)

<0.001 10.3

(9.5-11.2)

14.0

(11.9-16.4)

10.5

(9.2-12.0)

<0.001

Creatinine*
Umol/L

38

(34-41)

163

(146-181)

<0.001 126

(114-140)

701

(625-786)

127

(108-151)

<0.001

GFR,
median
(range)

34
(7-60)

39
(9-60)

p=0.011***

♦geom etric  m ea n  **C hi-sq u a r e d  *** M a n n -W hitney  ANOVA com pares three  rena l  g ro ups  a n d  co ntro ls 

95% Co nfidence  In t e r v a l  fo r  M ea n  or  Ra n g e  (a s  indicated) in  parentheses

LA



T a b le  4 . i l  M ea n  S eru m  B io c h e m is tr y , PTH L e v e ls ,  a n d  1-84 PTH: C-PTH R a t io  b y  P a t ie n t  G rou p

Controls 
(normal renal 

function) 
n=53

Renal patients 

n=241

Patients 
c.f. 

controls 
p value

CRF 
GFR <30 

n=69

CRF 
GFR 30-60 

n=87

Dialysis

n=36

Transplant

n=49

ANOVA 
p value

Calcium
mmol/L

2.27(2.23-2.30) 2.38(2.36-2.40) <0.001 2.43(2.38-2.47) 2.34(2.31-2.38) 2.38(2.31-2.45) 2.36 (2.34-2.38) <0.001

iCalcium
mmol/L

Not sampled 1.25(1.24-1.26) N/A 1.27(1.25-1.30) 1.25(1.23-1.26) 1.24(1.20-1.29) 1.24(1.22-1.27) 0.25

Phosphate
mmol/L

1.60(1.54-1.65) 1.48(1.44-1.52) <0.001 1.57(1.51-1.63) 1.46(1.41-1.50) 1.57(1.38-1.75) 1.35(1.28-1.42) <0.001

ALPU/L 178(159-197) 200 (187-213) 0.06 206(183-229) 204 (189-219) 253 (174-333) 156(136-178) <0.001

Albumin g/L 38 (37-39) 39 (38-39) 0.4 39 (38-39) 40 (39-40) 36 (33-40) 39 (39-40) 0.005

ICMA-PTH*
pg/mL

79.2 (68.3-91.8) 61.0(54.2-67.8) 0.018 66.6(45.7-88.6) 51.6(43.5-61.2) 68.8(36.3-130.5) 71.8(51.3-100.6) 0.25

iPTH* pg/mL 33.1 (30.9-35.2) 40.3 (38.2-42.4) 0.035 43.0(32.1-57.8) 30.3 (26.4-34.7) 61.5(38.5-98.2) 44.3 (34.2-57.4) 0.002

CAP-PTH*
pg/mL

25.0(22.9-27.1) 26.8(24.7-28.9) 0.44 28.5(22.1-38.4) 21.5(18.7-24.8) 33.8 (20.6-55.3) 29.9 (23.2-38.5) 0.068

Ratio* 33(2.7-4.1) 2.4 (2.1-2.7) 0.016 2.4 (2.0-3.0) 3.2 (2.5-4.0) 1.3(1.1-16) 2.3 (1.9-2.8) <0.001

LA
LA

♦ G e o m e t r ic  M e a n ;  ANOVA c o m p a r e s  f o u r  r e n a l  g r o u p s  a n d  c o n t r o l s ;  CRF, c h r o n i c  r e n a l  f a i l u r e ;  iC a lc iu m , i o n is e d  c a l c i u m  

9 5  % C o n f id e n c e  I n t e r v a l  f o r  m e a n  in  p a r e n t h e s e s
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Semm calcium levels were higher the worse the renal failure and were higher in those 

with severe CRF compared to controls (p=0.026 and p<0.001 respectively, post hoc 

Tamhane). Mean alkaline phosphatase (ALP) levels were significantly (p=0.001) 

lower in transplant patients compared to both CRF groups (p=0.02 severe CRF group 

and p=0.004 moderate CRF group, post hoc Tamhane), but were within the normal 

range.

4.3.1 Assays; Correlation and Comparison.

Whilst all patients and controls had a sample collected for CAP-PTH, only 230 

patients (of 241) and 50 controls (of 53) had sufficient sample volume taken to allow 

all assays to be compared. Correlation between the assays was excellent in both 

patients and controls. Table 4.iii shows the correlation coefficients between the three 

assays used in renal patients, with ‘intactTRMA and CAP-IRMA being most closely 

correlated (r=0.98).

Table 4 in also details the correlation coefficients for the four assays used in the 

control group. Although not as strongly correlated (numbers are much smaller) the 

correlation between the assays is significant. Again the ‘intactTRMA and CAP-IRMA 

were the most closely correlated (r=0.94), but the ICMA and new-ICMA were 

demonstrated a similar level of correlation (r=0.93).

Assay comparison', Although there was a strong correlation between assays the mean 

values obtained in renal patients fi-om each assay were significantly different fi*om 

each other, with the mean value given by the ICMA being the highest and that of the 

CAP-IRMA the lowest (p<0.001 for all post hoc Tamhane analyses).
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Table 4.iii. Correlation Between PTH Assays in Renal Patients and Controls

ICMA-PTH ICMA-PTH CAP-PTH

of. of. cf.

CAP-PTH iPTH iPTH

Patients. Pearson coefficient 0.94 0.93 0.98

p value <0.001 <0.001 <0.001

n= 236 236 230

Controls. Pearson coefficient 0.80 0.86 0.94

p value <0.001 <0.001 <0.001

n= 52 50 52

New-ICMA- New-ICMA- New-ICMA-

PTH cf. PTH cf. PTH cf.

CAP-PTH iPTH ICMA-PTH

Controls. Pearson coefficient 0.74 0.82 0.93

p value <0.001 <0.001 <0.001

n= 52 50 52
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In the controls the same was true; all four assays were significantly different fi*om 

each other with the ICMA and CAP-IRMA having the highest and lowest values 

respectively (p<0,001 for all post hoc Bonferroni analyses, except ICMA cf. IRMA 

p=0.021). Within subject analysis of variance (repeated measures) was also conducted 

in patients and controls, confirming that the values returned fi*om the assays were 

different fi-om each other (p<0.001).

Figure 4.ii demonstrates the scatter graphs for all three assays compared to each other 

in renal patients, with the line of best fit. The graphs clearly demonstrate the 

correlation between iPTH and CAP-PTH for all PTH levels. ICMA-PTH levels are 

higher than iPTH and CAP-PTH levels (line of equality not shown) except in the ten 

or so patients with the lowest PTH levels.

The new-ICMA-PTH level was significantly lower than the then currently used 

ICMA-PTH (p<0.001). It was also interesting that these mean values differed in 

respect to their relationship to the assay specific reference range. The mean CAP-PTH 

and iPTH values representing 69 % and 61 % respectively, of the ULN, whilst the 

ICMA-PTH represented 119% of the ULN in renal patients (see Figure 4.iii). Again a 

similar pattern was followed in the controls with the percentages being 64 %, 50 % 

and 154 % for CAP-PTH, iPTH, ICMA-PTH respectively, and the new-ICMA 

returned a value of 97 % (see Figure 4.iv).
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Patients and controls intra-assay comparison; There was no difference between the 

mean PTH level, as measured by the CAP-IRMA, in renal patients and in the control 

group. However, the mean PTH levels of the renal patients compared to the control 

group, as measured by the ‘intact’ IRMA and ICMA, were significantly different 

(p<0.035 and p=0.018 respectively) with, as expected, lower levels in controls when 

measured by the IRMA (see Table 4.ii). The mean ICMA-PTH level was higher in the 

control group than the renal patients.

Assay comparison between different patient groups.

Multiple regression analysis was used to investigate whether the relationship between 

any two assays varied according to patient group. This analysis demonstrated that 

when comparing ‘intact’IRMA with CAP-IRMA the slopes of the fitted linear 

regression lines for CRF and dialysis groups were significantly different from each 

other (p=0.02). These two regression slopes are shown in Figure 4.v.
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Figure 4.ii. Scatter Graphs Comparing ICMA-PTH, iPTH 
and CAP-PTH Levels in Renal Patients
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Mean PTH Values by Assay In Renal Patients
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Figure 4.iv.
Mean PTH Values by Assay In Controls
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Figure 4.v. Fitted Linear Regression Lines between iPTH 
and CAP-PTH for CRF and Dialysis Groups
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4.3.2 Parathyroid Hormone Levels and GFR.

There was a weak negative correlation between the GFR and PTH levels, r= -0.17 

(p=0.032) and r= -0.21 (p=0.011), for CAP-PTH and iPTH respectively, i.e. there is a 

tendency for the PTH levels to rise, despite medical management, as renal function 

falls.

4.3.3 Renal Function and the 1-84 PTH: C-PTH Ratio.

Figure 4.vi demonstrates that the 1-84 PTH; C-PTH ratio was significantly lower in 

dialysis patients than any other patient group, with a mean of 1.3; the mean of this 

ratio for the control group was 3.3. The ratio was not significantly different from 

controls in the transplant group or those with CRF. However, it was significantly 

(p=0.033, t-test) lower in those with the most severe CRF (GFR < 30 

mls/min/1.73m^), although the mean of the ratio remained relatively high at 2.4. The 

relationship between the GFR and this ratio, in those with CRF, was confirmed by a 

weak but significant positive correlation (r=0.2, p=0.015); i.e. the proportion of C- 

PTH increases as GFR falls. There was no relationship with age.

Results using the CAP-PTH/iPTH proportion were very similar to those of the ratio. 

There was a weak correlation with GFR (r=0.19, p=0.023), the proportion was 

significantly lower in dialysis patients than any other group (p<0.001, post hoc 

Bonferroni), and the proportion in the CRF patients was not different from controls 

(p=0.26, post hoc Bonferroni).



Figure 4.vi.
Mean of the 1-84 PTH: C-PTH Ratio for each Patient Group
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4.3.4 Parathyroid Hormone Levels and the 1-84 PTH: C-PTH Ratio.

The 1-84 PTH: C-PTH ratio was related to PTH levels. Figure 4.vii demonstrates that 

there was no significant difference (p=0.1 ) in the mean of the ratio between the renal 

patients and the control group when the CAP-PTH level was in the normal range. 

However, the ratio was significantly lower when the CAP-PTH level was outside the 

normal range; the ratio was 2.8 with normal range CAP-PTH levels, compared to 0.9 

(p=0.006) in patients with CAP-PTH levels below the lower hmit of the normal range 

(LLN) and 1.8 (p<0.001) for those with CAP-PTH levels above the ULN. Similar 

results were also found for the CAP-PTH/iPTH proportion (ANOVA, p<0.001), 

although those with normal range PTH were just different from controls (0.70 cf. 

0.76, p=0.043 post hoc Tamhane’s T2), those with supra-physiological PTH levels 

had a CAP-PTH/iPTH proportion of 0.64 which was lower than controls and patients 

with normal range PTH levels (p=<0.001, post hoc Tamhane’s T2).

4.3.5 Parathyroid Hormone Levels and Alkaline Phosphatase

ALP levels were weakly correlated with PTH levels, as measured by all assays 

(r>=0.22, p>0.02). Mean ALP levels were 131, 198 and 217 U/L for patients with 

CAP-PTH levels less than the normal range, within the normal range and greater than 

normal range, respectively. These values were significantly lower in the group with 

sub-normal CAP-PTH levels (p=0.048 and p=0.017 when compared to patients with 

CAP-PTH levels in the normal range and greater than the ULN, respectively).



Figure 4.vü.
Mean of the 1-84 PTH: C-PTH Ratio by CAP-PTH Level
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4.4 Results of Longitudinal Analysis

In total 194 patients were included in the longitudinal analysis, Box 4.iii illustrates 

their underlying diagnoses. Data were collected for a median (range) of 1.1 (0.5-1.7) 

years, at 5 (3-15) clinic visits. The median age at inclusion was 9.9 years. However, 

the CRF group were significantly younger, at 7.7 years (see Table 4.iv). There were 

131 (67 %) male patients.

Over three quarters (76%) of patients had a formal Chromium EDTA GFR 

investigation. The Schwartz formula (Schwartz 1976) was used for estimating the 

GFR of the remaining 24% of patients; 35 fi*om the CRF group and 6 fi'om the 

transplant group. The mean GFR was 34 mls/min/1.73m^ in the CRF group and 38 

mls/min/1.73m^ in the transplant group; the CRF group had a marginally worse renal 

fimction (p=0.036, Mann-Whimey). As would be expected the degree of uraemia was 

greatest in the dialysed patients (p<0.001 post hoc Tamhane T2) (see Table 4.iv).

The overall biochemical summary data are shown in Table 4.v.

Of note haemoglobin levels were significantly higher in CRF patients compared to 

transplant patients (p=0.015, post hoc Tamhane T2). Neither serum calcium nor 

ionised calcium levels were significantly different between patient groups, but were 

different within the CRF group. When this group were split into two - severe CRF 

(GFR< 30 mls/min/1.73m^), and moderate CRF (GFR 30-60 mls/min/1.73m^) - as 

was done in the cross sectional analysis, both serum calcium and ionised calcium 

were significantly higher in those with severe disease (p>=0.004) (see Table 4.vii).
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Box 4.iii. The Renal Diagnoses of the Patients.

Congenital Dysplasia

Number

104

%

54

(of which also VUR 52 27)

Congenital Obstruction 27 14

(of which also PUV 25 13)

Autosomal Recessive Polycystic Kidney Disease 7 4

Focal Segmental Glomerular Sclerosis 7 4

Glomerulo Nephritis/Tubulo-Interstitial Nephritis 6 3

Perinatal Event 5 3

Nephronophthisis 5 3

Haemolytic Uraemic Syndrome 4 2

Congenital Nephrotic Syndrome 4 2

Bardet Biedl Syndrome 3 2

Prune Belly Syndrome 3 2

Wilms Tumour 3 2

Secondary to Chemotherapy 2 1

Following Heart Transplant 2 1

Alports/BranchioOtoRenal Syndrome/Hypomagnesaemia/ 

Renal Tubular Acidosis/Mitochondrial Cytopathy 5 3

Renal Calculi 2 1

Unknown 5 3



T a ble  4 .iv . D em o g ra ph ic  D a t a  a n d  M ea n  Seru m  B iochem ical  Lev els  b y  Pa tien t  G r o up

All Patients CRF patients HD group PD Group Transplant p value

n=I94 n=127 n=7 n=19 Group n=41

Sex M:F % 67:33 68:32 43:57 68:32 71:29 p=0.73

Chi-squared

Age, median 
years old 
(range)

9.9

(0.3-17.1)

7.7

(0.3-16.9)

13.7

(2.8-16.1)

13.2

(5.6-16.9)

13.6

(3.8-17.1)

p<0.001

Kruskal-Wallis

Urea* 11.2 10.5 21.8 15.1 10.5 p<0.00l

mmol/1 (3.7-33.6) (3.7-33.6) (15.1-27.3) (7.9-25.6) (4.8-22.3) (ANOVA)

Creatinine* 169 135 870 712 132 p<0.001

]Lunol/L (35-1186) (35-679) (507-1186) (401-1027) (61-521) (ANOVA)

GFR
(range)

mls/min/1.73m^

34

(7-60)

38

(13-60)

p=0.036

Mann-Whitney

o

♦Geom etric  M ea n  , 95 % Confidence  In t e r v a l  fo r  M ean  or  Ra n g e  (a s  in d ic a ted ) in  par en th eses
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Mean serum phosphate levels were 92 % of the age adjusted ULN, which represents a 

value equivalent to about the 75* centile of the age dependent normal range. The age 

adjusted phosphate levels were significantly higher in the dialysed patients compared 

to both those with CRF and transplanted patients (see Figure 4.viii). Indeed, both 

peritoneal and haemodialysis patients had mean phosphate levels just above the age 

adjusted ULN compared to 90% of the ULN for the CRF group. Furthermore, as in 

the cross-sectional analysis those with the most severe CRF had the highest phosphate 

levels (p<0.001, see Table 4.vii).

Overall the mean calcium phosphate product was 42.2 mg^/dL^ and was highest in 

patients on peritoneal dialysis (p<0.001 cf. both CRF and transplant groups, post hoc 

Tamhane), although even in this group the level was much lower than the upper limit 

recommended in adults.

Again consistent with the cross-sectional data, ALP levels were significantly lower in 

transplanted patients compared to those with CRF (p=0.004, post hoc Tamhane T2).

4.4.1 Parathyroid Hormone Levels.

Overall iPTH and CAP-PTH values were well within their respective normal ranges, 

representing 68 % and 73 % of their respective ULN, reflecting the unit policy of 

aiming for normal range PTH levels (see Table 4.vi).

The situation was more complex with the ICMA-PTH values as an improved assay 

kit, new-ICMA, was introduced in August 2002. In the cross-sectional analysis mean 

ICMA-PTH was equal to 1.19 times the ULN; in the longitudinal analysis the overall 

adjusted value represents 1.22 times the ULN. However, the new assay gave veiy 

different results; until the time that the assay was changed mean ICMA-PTH was 1.43 

times the ULN. However, the mean new-ICMA-PTH value was equal to 0.77 times
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the ULN, i.e. the value returned from this assay was within the normal range. These 

differences meant that in much of the analysis the use of the ICMA PTH data was 

confusing; for example, when sphtting patients into groups as determined by their 

PTH levels, more patients had levels above the ULN when ICMA data were used 

compared to IRMA data. Therefore, much of the analysis concentrates upon data from 

the two IRMAs, with comments where appropriate referring to ICMA data.

The haemodialysis patients had mean iPTH and CAP-PTH levels just over two times 

the ULN and patients on peritoneal dialysis had mean values that were just under 1.5 

times the ULN (see Table 4.vi). Indeed, PTH levels in patients on dialysis, as 

measured by all assays, were significantly higher than those with CRF (see Figures 

4.ix, 4.x and 4.xi). The PTH levels in patients on dialysis were also significantly 

higher than in transplanted patients with PTH measured by both the IRMAs but not 

tlie ICMA.

iPTH levels were significantly higher in those with the most severe CRF compared to 

those with moderate CRF (see Table 4.vii), but significance was not demonstrated 

with the ICMA-PTH value, although the trend was the same (66.1 cf. 50.1 pg/ml, 

p=0.062). The adjusted value taking into account the change in this assay was just 

significantly higher (p=0.048) in those with the worst CRF. CAP-PTH values also 

demonstrated the same trend, p=0.049. However, there was no correlation between 

CAP-PTH levels and GFR in the CRF patients, whereas the iPTH and the adjusted 

ICMA-PTH values demonstrated weak negative correlations (r= -0.23, p=0.007, r= - 

0.18, p=0.47, respectively.)
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Table 4.v. Biochemical Summary Data for Patients throughout the Study 

Period

All CRF HD group PD Group Transplant p value

Patients patients Group (ANOVA)

n=194 n=127 n=7 n=19 n=41

Haemoglobin
(10.0-14.5)

g/dL

12.2

(7.3-18.2)

12.4

(7.3-18.2)

10.5

(8.5-12.8)

12

(9.3-15)

11.8

(9.6-15.4)

<0.001

Sodium
(135-145)
mmol/L

140

(133-146)

140

(133-144)

139

(135-1430

139

(134-143)

141

(137-146)

0.019

Potassium
(3.5-55)
mmol/L

4.3 

(3.0-6.1)

4.2 

(3.0-5.4)

4.9 

(3.6-6.1)

4.1 

(3.4-5.1)

4.4

(3.3-53)

<0.001

Bicarbonate
(18-26)
mmol/L

24

(18-31)

24

(18-29)

23

(20-26)

26

(21-31)

23

(19-27)

<0.001

Calcium
(2.22-2.74)

mmol/L

2.36

(1.93-2.72)

2.36

(1.93-2.69)

2.35

(2.18-2.52)

2.37

(1.94-2.720

2.35

(2.21-2.48)

0.93

Ionised Ca 
(1.15-1.41) 

mmol/L

1.25

(0.99-1.56)

1.26

(1.12-1.52)

1.21

(1.11-1.36)

1.25

(1.01-1.56)

1.25

(0.99-1.34)

0.349

Phosphate* 0.92 0.90 1.03 1.12 0.87 <0.001

Age adjusted (0.46-1.68) (0.60-1.46) (0.71-0.68) (0.80-1.54) (0.46-1.16)

Magnesium
(0.74-1.0)
mmol/L

0.84

(0.38-1.91)

0.84

(0.38-1.31)

1.12

(0.89-1.37)

1.00

(0.63-1.91)

0.73

(0.59-0.92)

<0.001

ALP
(110-440)

U/L

202

(48-1038)

207

(48-840)

337

(80-1038)

199

(69-415)

165

(56-248)

0.001

Albumin
(35-55)

g/L

40

(31-51)

40

(33-45)

38

(35-40)

36

(31-51)

41

(35-45)

<0.001

Calcium
Phosphate
Product
mg^/dL^

42.2

(19.6-79.3)

42.8

(25.3-79.3)

44.7

(31.8-68.6)

48.2

(35.4-64.2)

37.0

(19.6-47.4)

<0.001

R a n g e  o f  o v e r a l l  S u m m a r y  D a t a  in  Pa r e n t h e s e s , * Ph o s p h a t e  e x p r e s s e d  a s  Pr o p o r t io n  

OF A g e  A d j u s t e d  U L N , A N O V A  C o m p a r e s  A l l  F o u r  Pa t ie n t  G r o u p s ,

N o r m a l  r a n g e  a n d  u n it s  in  p a r e n t h e s e s  (b r e a k d o w n  o f  a g e  d e p e n d e n t  r a n g e s  g iv e n  in  

A p p e n d ix  7 .1 ) .
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Figure 4.viii.

Age Adjusted Phosphate Levels 

by Patient Group
p=0.003 p=0.001

I I I I

CRF Dialysis Transplant

(Error bars represent 95 % confidence interval for mean)
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Figure 4.ix.
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CAP-PTH levels by Patient Group
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Upper Limit of Normal  ...... .
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Figure 4.x.
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ICMA-PTH levels by Patient Group
250

p=0.05 p=0.12

[ ]

CRF Dialysis Transplant

(Error bars represent 95 % confidence interval for mean) 
Note Log scale

Upper Limit of Normal



-178

4.4.2 Renal Function and the 1-84 PTH: C-PTH Ratio.

Whilst all 194 children had multiple samples taken for the in-house ICMA PTH assay 

(inclusion criterion), only 178 had sufficient repeat samples to calculate a mean CAP- 

PTH during the study period and only 162 had adequate samples taken to measure 

both CAP-PTH and iPTH on a sufficient number of occasions to calculate the mean 1- 

84 PTH: C-PTH ratio (and the CAP-PTH/iPTH proportion) over the study period. 

Again, as with the cross-sectional analysis, in the CRF patients there was a weak but 

significant correlation between the GFR and this ratio and the CAP-PTH/iPTH 

proportion (r=0.2, p=0.047 and r=0.23, p=0.024 respectively) suggesting an increase 

in C-PTH as renal failure progresses. Figure 4.xii demonstrates that the 1-84 PTH: C- 

PTH ratio was significantly higher in those with CRF compared to patients on dialysis 

and transplanted patients, i.e. an increased proportion of C-PTH in the latter two 

patient groups. These two patient groups were significantly older than the CRF group 

(see Table 4.iv) and age was related to the 1-84 PTH: C-PTH ratio (see 4.4.8). 

However, multiple regression analysis demonstrated that the differences in the ratio 

between the patient groups persisted when adjusted for age (p=0.017).

When analysed separately those on peritoneal dialysis have a ratio that is significantly 

lower than the CRF group but the small numbers in the haemodialysis group do not 

demonstrate a significantly lower ratio.

4.4.3 Parathyroid Hormone Levels and the 1-84 PTH: C-PTH Ratio.

The cross sectional analysis suggested that PTH levels outside the normal range were 

associated with a decrease in the 1-84 PTH: C-PTH ratio. It was not possible to divide
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Figure 4.xii.

Mean 1-84PTH:C-PTH Ratio by Patient Group

œ
c
CD

p<0.001

p=0.003

CRF Dialysis Transplant
(Error bars represent 95 % confidence interval for mean) 

Note Log scale
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the patients in the same three groups based on PTH levels: less than the normal range; 

normal range; and PTH levels above the normal range. This was because only 3 

patients had PTH levels below the lower limit of normal as measured by the 

CAP-IRMA (reference range 5-39 pg/ml). Two groups, patients with normal range 

PTH and those with PTH levels above the ULN, were therefore analysed as 

independent samples.

Figure 4.xiii demonstrates that the ratio is significantly higher in those with normal 

range CAP-PTH (2.7 cf. 2.1, p=0.01) consistent with the cross-sectional analysis. This 

relationship was also seen with patients when grouped similarly but using levels of 

iPTH and the relevant reference range (2.8 cf. 1.9, p=0.001).

The CAP-PTH/iPTH proportion showed the similar tendency to be higher in those 

with normal range CAP-PTH and iPTH (see figure 4.xiv), i.e. the proportion of C- 

PTH is smallest with normal range PTH levels. As data on controls was only collected 

at one time point it is not possible to compare the overall mean 1-84 PTH: C-PTH 

ratio value of 2.7 with the control group.

In order to include those with lower levels of PTH, the patients were also divided into 

three groups as follows: Tow’ CAP-PTH levels <10 pg/ml (i.e. 2 times lower limit of 

normal); ‘normal’ CAP-PTH levels 10-39 pg/ml; and ‘high’ CAP-PTH levels (>39 

pg/ml). This increased the size of the group of patients with ‘low’ CAP-PTH levels 

firom 3 to 10. ANOVA demonstrated that the 1-84 PTH: C-PTH ratio was different in 

these groups (p=0.01) with a similar trend of a higher ratio in the ‘normal’ group, but 

post hoc analyses did not identify specific between group differences due to the large 

variance of this small group; ‘low’ cf. ‘normal p=0.061 and ‘normal cf.’high’ 

p=0.067.
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Table 4.vi. Mean PTH Levels, 1-84 PTH: C-PTH Ratio and CAP-PTH/iPTH 

Proportion by Patient Group.

All CRF HD PD Group Transplant p value

Patients patients Group Group ANOVA

n=194 n=127 n=7 n=19 n=41

ICMA-PTH* 64.0 56.6 185.8 102.7 62.4 0.001

pg/mL 

(7-53 pg/mL)
(2.4-970) (2.5-746) (26.7-784) (2.4-970) (1.7-400)

ICMA-PTH* 1.22 1.08 3.50 1.98 1.19 0.001

as Proportion 

o f ULN
(1.0-1.4) (0.94-1.25) (1.20-10.6) (0.94-4.2) (0.95-1.50)

iPTH* 44.6 37.3 143.7 90.7 41.3 <0.001

pg/mL 

(14-66 pg/mL)
(5-596) (5-514) (42.3-541) (10.0-596) (15.3-195)

CAP-PTH* 28.3 24.8 93.1 50.0 25.4 <0.001

pg/mL 

(5-39 pg/mL)
(1.7-403) (1.7-368) (21.2-387) (3.0-403) (7.0-87)

1-84 PTH: C- 2.5 3.0 2.6 1.6 2.0 0.006

PTH* Ratio (0.6-45) (0.7-45) (1.1-7.2) (0.6-7 5) (1.1-5.6)

CAP-PTH/iPTH 065 0.68 0.64 0.56 0.63 <0.001

Proportion (0.37-0.92) (0.37-0.89) (0.45-0.75) (0.37-0.84) (0.45-0.92)

^Geom etric  M ea n s Ra n g e  of Ov er a ll  Su m m a r y  D a t a  in parentheses
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Figure 4.xiv.
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Table 4.vii. Mean Biochemical Values and PTH levels in Moderate and 

Severe CRF Groups

Severe CRT 

GFR <30  

n=56

M oderate CRF 

GFR 30-60 

n=71

p value 

t-test

Calcium 2.40 2.33 <0.001
(2.22-2.74)

mmol/L (0.014) (0.012)
Ionised Calcium 1.28 1.24 0.004

(1.15-1.41)
mmol/L (0.009) (0.007)

Magnesium 0.91 0.78 <0.001
(0.74-1.00)

mmol/L (0.018) (0.012)
Phosphate 1.54 1.40 0.001
(0.83-2.10)

mmol/L (0.034) (0.023)
Phosphate 0.95 0.85 <0.001

Age adjusted (0.17) (0.13)
Alkaline Phosphatase 189 222 0.032

(110-440)
U/L (10) (11)

ICMA-PTH* 66.1 50.1 0.062
(7-53)

pg/mL (8 3) (4 0)
ICMA-PTH* 1.28 0.95 0.048

as Proportion o f  ULN (0.17) (0.08)
IRMA-PTH* 44.2 31.4 0.017

(14-66)
pg/mL (5.7) (2 4 )

CAP-PTH* 28.5 21.7 0.049
(5-39)

pg/mL (3.5) (1.6)
1-84 PTH: C-PTH Ratio* 2.7 

(0 3)

3.4

(0.4)

0.19

CAP-PTH/iPTH 0.65

(0.012)

0.67

(0.015)

0.21

* Geom etric  M e a n s  St a n d a r d  E r r o r  of M ea n  (SE M ) in  Pa renth eses

N o rm al  r a n g e  in pa renth eses (br ea k d o w n  of a g e  d ependent  r a n g es  given  in 

A ppendix  7 .1).
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4.4.4 Change in Height SDS

As shown in Table 4.viii, the Ht SDS and Wt SDS at inclusion were significantly 

lower than the normal population (p<0.001 for both). Whilst the mean Ht SDS on 

inclusion was not different between patient groups, the transplanted group were 

heavier than the CRF and dialysed patient groups (p=0.002 and p=0.013 respectively, 

post hoc Bonferroni). The change in these anthropometric measures over the course of 

the study, expressed as change in Ht SDS per year (AHt SDS) and AWt SDS, were 

not different from a hypothesised no change in the normal population (p=0.75 and 

p=0.41 respectively). The overall mean AHt SDS (range) was -0.01 (-1.16-1.06). Tlie 

AHt SDS and AWt SDS did not differ between patient groups (see table 4.viii) or 

within the CRF group, when split into severe and moderate groups (p=0.50 and 

p=0.41, respectively).

4.4.5 Change in Height SDS and Parathyroid Hormone Leveis

There was no linear correlation between CAP-PTH levels and AHt SDS, but those 

with normal range CAP-PTH grew significantly better than those with PTH levels 

above the normal range (p=0.018) (see Figure 4.xv). Again the patients were split into 

three groups; Tow’ CAP-PTH levels <10 pg/ml (i.e. 2 times lower limit of normal); 

‘normal’ CAP-PTH levels 10-39 pg/ml; and ‘high’ CAP-PTH levels (>39 pg/ml). 

ANOVA demonstrated that the AHt SDS was different in these groups (p=0.004); 

those patients with normal PTH levels grew significantly better than those with PTH 

levels above and below the normal range (see Figure 4.xvi).



T a b l e  4.vni. H e i g h t  a n d  W e ig h t  SDS a n d  R a t e  o f  C h a n g e  b y  P a t i e n t  G r o u p

All Patients 

n=194

p value t test 

c.f. normal

CRF group 

n=127

HD group 

n=7

PD group 

n=19

Transplant group 

n=41

p value 

ANOVA

Ht SDS -1.27

(-4.75-2.27)

p<0.001 -1.22

(-4.75-2.27)

-1.72 

(-3.18- -0.52)

-1.48

(-3.7—0.71)

-1.22

(-3.64-0.61)

0.063

A Ht SDS -0.01

(-1.16-1.06)

p= 0.75 0.02

(-1.16-1.06)

0.08

(-0.32-0.84)

-0.10

(-0.42-0.50)

-0.08

(-0.58-1.06)

0.26

WtSDS -0.54

(-4.25-2.94)

p<0.001 -0.70

(-4.25-2.91)

-0.58

(-2.71-0.49)

-0.96

(-2.78-2.3)

0.15

(-2.74-2.94)

0.005

A Wt SDS 0.04

(-2.46-2.12)

p=0.41 0.09

(-2.46-2.12)

-0.37

(-1.31-0.59)

0.17

(-1.89-1.84)

-0.08

(-2.33-1.91)

0.21

00o

ANOVA D ialysis  Pa tien ts  C om bined
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4.4.6 Change in Height SDS and the 1-84 PTH: C-PTH Ratio.

There was a weak but significant correlation between the AHt SDS and the 1-84 PTH; 

C-PTH ratio (r=0.2, p=0.01); correlation with the CAP-PTH/iPTH proportion 

demonstrated a similar relationship (r=0.22, p=0.005). The relevance of these 

relationships was highlighted by division of the patients into three groups (tertiles) 

according to the 1-84 PTH: C-PTH ratio or CAP-PTH/iPTH proportion. Those in the 

top 1-84 PTH: C-PTH ratio tertile grew significantly better than those in the bottom 

tertile (see Figure 4.xvii). The 95 % confidence interval for the lowest tertile did not 

include the zero line. Those in the top tertile of the CAP-PTH/iPTH proportion grew 

significantly better than those in the middle or bottom tertiles (see Figure 4.xviii). The 

ranges of the mid tertiles were; 1-84 PTH: C-PTH ratio 1.85-2.75, CAP-PTH/iPTH 

proportion 0.620-0.685.

Although there was no difference shown in the AHt SDS between patient groups 

(Table 4.viii) the ratio was lower in dialysis and transplanted patients. Nevertheless 

the correlation between AHt SDS and the 1-84 PTH: C-PTH ratio remained when the 

CRF group were analysed separately (r=0.22, p=0.03).

4.4.7 Enteral Feeds

Thirty one (16 %) of the patients were fed entirely or supplemented via gastrostomy 

feeding tubes. Twenty patients were in the CRF group and 10 in the dialysis group, 1 

patient was in the transplant group. Those in the dialysis group were more likely to 

have a gastrostomy (p<0.01, chi-squared), and those who had been transplanted were 

less likely to have a gastrostomy (p<0.001, chi-squared). The 30 CRF and dialysis
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Figure 4.xv.

Change in Ht SDS per Year by CAP-PTH Level
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Figure 4.xvi.

Change in Ht SDS oer Year bv CAP-PTH Level
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Figure 4.xvii.
Change in Ht SDS per Year by

1-84 PTH: C-PTH Ratio Tertiles
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CAP-PTH
Proportion

Figure 4.xviii.

Change in Ht SDS per Year by 

CAP-PTH/iPTH Proportion Tertiles
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(Error bars represent 95 % confidence interval for mean) 

p=0.004 (ANOVA)
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patients who were enterally feed were not younger than their peers (p=0.12, Mann- 

Whitney)

Not surprisingly, as failure to thrive is an indication for employing this modahty of 

therapy, this group of patients tended to be smaller than those not artificially fed; Ht 

SDS -1.74 cf. -1.18 (p=0.005) and Wt SDS -1.14 cf. -0.43 (p=0.012). However, 

supplemental feeding did not alter the growth rate as neither the AHt SDS nor AWt 

SDS were significantly different between the two groups (p=0.091 and p=0.23, 

respectively). Amongst the CRF group the 20 patients with feeding tubes had the 

worst renal fimction (p=0.009, Mann-Whitney).

Overall those with a feeding tube had higher serum calcium and ionised calcium 

levels (p=0.001 and p=0.007, respectively) and were prescribed more calcium based 

phosphate binders than their peers (p=0.032). Age adjusted serum phosphate levels 

did not differ between the groups (p=0.23). Both CAP-PTH and iPTH levels were 

similar between the two groups but ICMA-PTH levels were highest in those with 

feeding tubes (68.3 cf. 45.3 pg/ml, p=0.023).

4.4.8 Age

There was a weak negative correlation between age at inclusion into the study and the 

1-84 PTH: C-PTH ratio (r=-0.32, p<0.001); unlike the cross-sectional analysis this 

relationship is not accounted for by a lower GFR in older patients. There was also a 

weak positive correlation between PTH levels and age (r>0.28, p<0.001 all three 

assays), but in a simple linear regression model even after adjusting for GFR and PTH 

levels there was a negative relationship between ratio and age.
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4.4.9 Prescription of Calcium Based Phosphate Binders and 

alfacalcidol.

Calcium based phosphate binders. One hundred and thirty (67 %) of the patients were 

being prescribed a calcium based phosphate binder. The mean (range) dose was 87.7 

mg/kg/day (16-692 mg/kg/day). Prescription was negatively correlated to GFR (r= - 

0.25, p=0.011). Dialysis patients were most likely to be prescribed these binders 

(p<0.002, chi-squared); indeed all of those included in this group were prescribed 

these agents. Transplant patients were less likely to be prescribed this treatment 

(p<0.001, chi-squared) and when prescribed to these patients the dose was 

significantly less than the dosage used in both CRF and dialysis patients (p=<0.001 

for both, post hoc Bonferroni) (see Table 4.ix). Those with the most severe CRF 

(GFR <30 mls/min/1.73m^) received larger doses than those with moderate CRF 

(132.7 cf. 87.4 mg/kg/day, p=0.018).

There was no association with the prescription of or quantities of calcium based 

phosphate binder prescribed and the AHt SDS (p=0.39 t-test, and p=0.67 Pearson’s 

coefficient, respectively).

The prescription of calcium based phosphate binder was weakly associated with the 

serum calcium but not ionised calcium levels (r=0.2 p=0.023 and r=0.12, p=0.16), but 

was dependent upon the ten patients being prescribed the highest doses, greater than 

200 mg/kg/day. Nonetheless, those being prescribed these binders had significantly 

higher serum calcium levels when compared to those that were not on these agents 

2.38 cf. 2.34 mmol/L (p=0.001). This relationship was not matched by significantly 

higher serum ionised calcium levels (p=0.09) in treated patients, nor was it accounted 

for by serum albumin levels, which were lower in those on this prescription 

(p<0.001). The age adjusted serum phosphate level was highest in those prescribed 

these binders (p<0.001) but serum levels did not correlate with quantity of



- 1 9 4 -

prescription (r=0.11, p=0.22). There was, however, a positive correlation with 

calcium carbonate prescription and the calcium phosphate product (r=0.38, 

p<0.001).There was no relationship with PTH levels (p>0.74).

Alfacalcidol. The prescription of 1-a calcidol was common, particularly amongst 

dialysis patients (see Table 4.ix), but prescription of this compound was not different 

between patient groups. The median dose was low, 12ng/kg/day, and was lowest for 

transplanted patients (cf. CRF group p=0.006, post hoc Bonferroni). As with 

phosphate binders, prescription was negatively correlated with GFR (i=-0.35, 

p<0.001) and those with the most severe CRF received larger doses than those with 

moderate CRF (0.02 cf. 0.012 mcg/kg/day, p=0.001). There were no relationships 

between 1-a calcidol prescription and serum calcium, ionised calcium or phosphate 

levels but there was a weak positive correlation with calcium phosphate product 

(r=0.18, p=0.018). This relationship was strongest in those with CRF (r=0.29, 

p=0.002) and was slightly stronger if transplanted patients and CRF patients were 

analysed together (r=0.32, p<0.001). The relationship with serum PTH levels was 

weak (cf. CAP-PTH r=0.2, p=0.008; iPTHr= 0.17, p=0.12; ICMA-PTH r=0.22, 

p=0.003).

The quantity of alfacalcidol prescribed was not related to the AHt SDS (r=0.0).

4.4.10 Hypercalcaemic Episodes

During the whole of the study period in all of the 194 patients there were 6 episodes 

of hypercalcaemia (serum calcium >3.0 mmol/L) and two episodes with calcium 

levels of 2.98 and 2.99 mmol/L. These eight episodes occurred in eight different 

patients, four treated conservatively in CRF and four on peritoneal dialysis. Two of 

the episodes of hypercalcaemia in patients on dialysis were not related to the use of
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alfacalcidol, although in one patient this episode was probably related to calcium 

carbonate prescription. The frequency of these episodes was equivalent to one episode 

of alfacalcidol related hypercalcaemia every 36 patient years. In the six episodes 

related to alfacalcidol prescription, this medicine was temporarily discontinued but 

restarted at a lower dose once the hypercalcaemia had resolved, in the sixth case it 

was not restarted; serum calcium levels returned to normal levels within a few weeks 

in all cases. Two of the CRF patients suffered significant (>10 %) increases in serum 

creatinine, which returned to baseline following the fall in calcium levels.

4.4.11 Magnesium

There were significant differences between serum magnesium levels and different 

renal failure groups; levels were highest in the dialysis group (1.05 mmol/L) 

compared to CRF group (0.84 mmol/L) and transplant group (0.73 mmol/L), 

(ANOVA p<0.001 and all post hoc comparisons p<0.001 Tamhane T2).

4.4.12 Bone Mineral Density

During the course of the study some children also had a DEXA scan of the lumbar 

spine. The 41 transplanted patients were excluded because of prednisolone usage, and 

there were 41 patients under 5 years of age who were also excluded as there was no 

normal data available with which to compare results and thus calculate SDS. Thus 

112 patients were eligible for the scan. Of these patients 77 (69 %) had a scan. The 

thirty five patients that were not scanned did not turn up for their appointment or there 

was no available slot for a scan that coincided with an out patient appointment.



T able  4 .ix . P r esc r iptio n  o f  Ca lc iu m  based  Ph o sph ate  B in ders  an d  1-a calcido l  b y  P a tien t  Gr o u p

All Patients 

n=194

CRF Group 

n=127

Dialysis Group 

n=26

Transplant

Group

n=41

p value

Number (%) of patients prescribed 130 92 26 12 p<0.001

Calcium based binder (67) (72) (100) (29) (Chi-squared)

Mean dosage (95 % Cl for mean) 87.7 92.1 107.6 38.8 p<0.001

mg/kg/day (16-692)^ (73.4-106.9) (82.6-140.3) (24.9-60.6) (ANOVA)

Number (%) of patients prescribed 182 119 26 37 p=0.27

1-a calcidol (94) (94) (100) (90) (Chi-squared)

Mean dosage (95 % Cl for mean) 0.012 0.014 0.013 0.009 p=0.008

mcg/kg/day (0.001-0.095)^ (0.012-0.016) (0.009-0.019) (0.007-0.011) (ANOVA)

♦Ra n g e  C l, Co nfidence  In ter v a l
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The 35 patients who where not scanned did not differ from those that were scanned in 

terms of GFR or age at entry (p=0.14 and p=0.41, Mann-Whitney). Furthermore, 

mean biochemical parameters, PTH levels and therapies (calcium carbonate and 1-a 

calcidol) were not significantly different between the two groups (t-tests p>0.05). 

Overall the mean (range) BMD SDS was -0.11 (-3.4-2.8), which was not different 

from a hypothesised zero value in ah age and gender matched normal population 

(p=0.44, one sample t-test).

Of these 77 patients, 65 had CRF, 2 were on haemodialysis and 10 were on peritoneal 

dialysis. The mean BMD SDS for the CRF patients was -0.05 and that for the patients 

on dialysis was -0.43; these were not significantly different from each other (p=0.33, 

t-test).

One patient in the CRF group had previously been treated with steroids; this patient 

had an abnormally low BMD SDS o f-3.4. Four of the twelve patients in the dialysis 

group had been treated with steroids; the BMD SDS was not different between those 

that had also been on steroid and those that had not (p=0.28, Mann-Whitney).

Overall the BMD SDS did not correlate with either serum calcium or ionised calcium 

levels (p=0.97,p=0.56 respectively), or with PTH levels (p>0.55 for all three assays). 

In addition, there was no correlation with 1-84 PTH: C-PTH ratio either (p=0.31). 

Furthermore, the BMD SDS was not related to the quantity of phosphate binder or 1-a 

calcidol prescribed (p=0.46 and p=0.86, respectively). The use of enteral feeds did not 

influence the BMD SDS (p=0.79).
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4.4.13 Puberty

Pubertal assessment was undertaken in those over the age of nine years old. 109 

patients were older than 9 years and of these, 78 (72 %) had pubertal assessments (54 

boys and 24 girls). Patients where categorised according to their Tanner stage. The 

mean age of patients in each Tanner stage was calculated separately for males and 

females; this was compared to standard pubertal staging data. These data were 

difficult to analyse due to the small numbers in each group, but suggest that entry into 

puberty is not delayed. However, these data do perhaps imply a slowing of the 

progression through puberty. Table 4.x shows details.

The mean age of the boys in stage 2 was 12.0 years. In the normal population about 

50 % of boys will not have reached Tanner stage 2 for penile development and about 

70 % will not have reached stage 2 for pubic hair development by this age; 50 % of 

boys should have reached Tanner stage 2 by about 12.25 years. Mean age of boys at 

Tanner stage 4 was 16.1 years. In the normal population only about 2 % will not have 

reached this stage of penile development and 5 % will not have reached stage 4 for 

pubic hair development; 50 % of boys will have reached tanner stage 4 by 14.25 years 

of age. A similar pattern was seen with the girls. The mean age of the six girls at 

Tanner stage 4 was 14.9 years. In the normal population only about 2-3 % of girls will 

still be in this stage of development, with 50 % of girls having reached Tanner stage 4 

by 13.2 years of age.

All of those who had not entered puberty were aged less than 12 and half years old. 

The mean age of boys aged 9 and above who had not entered puberty was 10.6 years; 

in the normal population by this age less than 10 % of boys will have progressed to 

Tanner stage 2. The mean age of girls aged 9 and over who had not entered puberty 

was 10.2 years; in the normal population by this age 25 % will have entered puberty 

demonstrated by progression to Tanner breast stage 2.
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Six boys and two girls were post-pubertal; all were aged over 16 years.



T a ble  4 .x . P u be r ta l  Stag e  by  G en d er

Tanner 1 Tanner 2 Tanner 3 Tanner 4

Male; Mean age of patients in this stage (years) 10.6 12.0 14.7 16.1

(n=) (18) (9) (9) (12)

Age by which 50 % of population at this stage 12.25 13.3 14.25

Percentage of population who have not entered P 50 P 5 P 2

this Penis or Pubic Hair stage PH 70 PH 20 PH 5

Female; Mean age patients in this stage (years) 10.2 12.6 14.7 14.9

(n=) (8) (4) (4) (6)

Age by which 50 % of population at this stage 11.5 12.3 13.2

Percentage of population who have not entered B 15 B 1 B 2

this Breast of Pubic Hair stage PH 25 PH 5 PH 3

to
8

P Penis, PH Pubic Hair
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4.5 Discussion

This section of the study followed the progress of a large number of children with 

CRF, on dialysis and with dysfunctional renal transplants.

This discussion brings together the two separately described analyses (4.3 Results of 

Cross-Sectional Analysis and 4.4 Results of Longitudinal Analysis) arising from the 

second part of this research.

These data demonstrate tliat overall in these children calcium, phosphate and PTH can 

be maintained within the normal range using dietary phosphate restriction, calcium 

based phosphate binders and small doses of alfacalcidol. The rate of growth was along 

the centiles.

These data confirm adult results that C-PTH levels rise (and the 1-84 PTH: C-PTH 

ratio falls) as renal function deteriorates (Brossard 2000) and is higher iu patients on 

dialysis (Salomon 2001; Tanno 2003). Additionally, they demonstrate that C-PTH 

levels also rise with PTH levels outside the normal range.

This work confirms earlier findings (Brossard 1996) that different PTH assays give 

significantly different values, presumably dependent upon the degree of cross-reaction 

with C-PTH. However, these data also demonstrate that as the proportion of C-PTH 

changes with the degree of renal failure that the choice of assay may be of clinical 

significance in particular in patients on dialysis.
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Contrary to recently published findings (Schmitt 2003), these data did not show any 

linear relationship between growth and PTH levels, but those patients with normal 

range PTH levels (and the highest 1-84 PTH; C-PTH ratio) had the highest AHt SDS. 

Finally this study showed that overall BMD was normal despite the short stature of 

the patients.

4.5.1 Serum Biochemistry

Much of the biochemical summary data holds little of surprise, although a few points 

are worth noting because they illustrate the effects of the Great Ormond Street 

Hospital Renal Unit therapeutic policy for prevention of ROD.

Firstly, serum phosphate levels were remarkably normal emphasising the importance 

placed on phosphate control and the efficacy of the detailed dietary advice given and 

intensive use of medical therapy. Furthermore, the renal patients had a serum 

phosphate level that was lower than controls. This finding was influenced by the 

transplant group who had the lowest serum phosphate levels; hypophosphataemia has 

been documented post transplantation and was related to immunosuppressive 

therapies (Higgins 1990). But, those with moderate CRF (GFR 30-60) also had serum 

phosphate levels that were significantly lower than controls, a recognised 

phenomenon (Portale 1984). Normal phosphate levels were much more difficult to 

achieve in patients on dialysis.

In the retrospective analysis the mean age adjusted phosphate level was equivalent to 

the mid point of the normal range, in this second part of the research it was equivalent 

to about the 75^ centile. This could be because the second part of this research 

included patients on dialysis who had higher phosphate levels, but on the other hand.



-203 -

this part of the research also included transplanted patients and patients with less 

severe CRF and both of these groups had lower phosphate levels. The difference may 

also reflect the age difference between the groups; the first part of the research only 

included pre-pubertal patients.

Once again this value is above the unit’s target of maintaining serum phosphate at 

below the 50* centile.

Compared to controls, serum calcium levels were raised in renal patients, which may 

reflect the lower phosphate levels but could also be partly influenced by increased 

calcium absorption from ingested calcium in the form of calcium based phosphate 

binders; there was a weak correlation with prescription of these agents and serum 

calcium levels. Those in die CRF group with severe CRF had significantly higher 

serum calcium levels and were prescribed larger doses of calcium carbonate.

Overall ALP levels were within the normal range but given that the transplanted 

patients had a mean age of 13.6 years and were, therefore, more likely to be pubertal 

than the CRF group, higher ALP levels would have been expected, indicating the 

increased bone activity of puberty (Gertner 1999). Instead, levels were lower in the 

transplanted group. CAP-PTH levels were not different between CRF and transplant 

groups so other factors such as the use of steroids, with their detrimental effect upon 

bone turnover (Hodgson 1990), may account for the lower ALP levels in transplanted 

patients.
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4.5.2 Assay Comparison

This is the largest study so far comparing PTH assays in paediatric renal patients and 

has been published in a limited form (comparison of IRMAs only) (Waller 2003). The 

correlation between the assays and the differences in mean values were consistent 

with work in adults (Lepage 1998; Slatopolsky 2000). The slightly weaker 

correlations in controls perhaps just reflect the much smaller sample size.

The best correlations were between hke assays, i.e. between the IRMAs or ICMAs, 

perhaps indicating significant differences between these two different methodologies 

(radiometric vs. chemiluminescence).

The Immunoradiometric Assays.

In both patients and controls, the CAP-IRMA returned lower mean PTH levels than 

the ‘intact’ IRMA, presumably reflecting the lack of cross-reactivity of the former 

assay with C-PTH.

In adult renal patients, C-PTH accounts for a larger proportion of iPTH than in 

normals (Brossard 1996; Brossard 2000). Consistent with this, and again highlighting 

the cross-reactivity of the ‘intact’ IRMA, the current data also demonstrated higher 

mean iPTH levels in renal patients compared to controls, whereas mean CAP-PTH 

levels in patients were not significantly different firom controls.

These findings therefore support the concept (Brossard 1996; Slatopolsky 2000) that 

the cross-reactivity o f ‘intact’IRMA with C-PTH partly explains the need for 

supraphysiological levels of PTH in severe CRF and ESRF. Thus, as renal failure 

progresses the accuracy o f ‘intact’ IRMA in reporting 1-84 PTH levels may 

deteriorate. In agreement with a recent publication (Tanno 2003), it is proposed that 

CAP-PTH is more useful in the accurate evaluation of PTH activity, especially in 

ESRF patients.
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It has been suggested that the newer assays now available, such as CAP-IRMA, that 

measure just 1-84 PTH offer little to clinical practise in that they simply reflect lower 

reference ranges and are unable to distinguish between groups of patients with 

different forms of ROD (Godber 2002). Goodman and colleagues (Goodman 2003) 

have argued that as there is a high degree of linear correlation between CAP-PTH and 

iPTH that there is a constant relationship, defined by the slope of this regression line, 

between the levels of PTH given by these two assays. From this they conclude that the 

1-84 PTH: C-PTH ratio must also remain constant as PTH levels change. These 

current data do not support this view; the proportion of C-PTH rose with worsening 

GFR, in patients on dialysis and with increased PTH levels. Furthermore the slopes of 

the regression lines for those in the CRF and dialysis groups were significantly 

different fi’om each other. The effect of this can be seen from Figure 4.v, a CRF 

patient with a CAP-PTH level of 50 pg/ml would theoretically have had an iPTH 

value of 71.2 pg/mL, compared to a value of 88.5 pg/mL in a patient on dialysis. 

Others have recently also found excellent correlation between assays but significant 

differences between the linear regression slopes of different patient groups {Abstract 

Kazama 2003). These differences support the use of the specific newer assays for a 

more accurate 1-84 PTH value, however the majority of data regarding the 

relationship between PTH levels and the histology of ROD are based on the older 

cross-reacting assays. Thus there is no currently available data on which to base 

recommendations for PTH levels determined by the latest assays.



206-

The Immunochemiluminesceni Assays.

The mean ICMA-PTH levels were higher than iPTH levels in both patients and 

controls. This did not reflect a higher normal range of this assay and thus, mean 

values were above the ULN whilst those for iPTH were not. It is hard to understand 

and explain why the mean values obtained by these assays do not represent similar 

proportions of the ULN. In addition whilst the majority of individual ICMA-PTH 

values were greater than iPTH and CAP-PTH levels, this was not the case at the 

lowest levels of PTH, when ICMA returned lower values than either IRMA. Thus, the 

reliability of this assay at low concentrations of PTH is questionable. Unfortunately, 

not enough data were collected to comment on the performance of the New-ICMA at 

low PTH levels.

Moreover, results Jfrom the ICMA in controls were a little confusing; the mean value 

was higher than in the renal patients. This is not easily explained. It is in 

contradiction to the results of both IRMAs and brings into doubt the reliability of the 

assay, reinforcing the need for the improvement to assay kit that has occured. Thus, 

levels obtained by the New-ICMA were about 35 % lower than those of the (old) 

ICMA but remained higher than iPTH levels. Furthermore, whilst both the IRMAs 

returned mean values in controls that were well within their respective reference 

ranges, the new-ICMA returned a mean value that was close to the ULN, bringing 

into question the accuracy of this reference range.

The control group consisted of patients in Great Ormond Street Hospital who were 

having ENT operations, thus were not a ‘normal’ group of children as such, although 

all had normal renal function as determined by serum creatinine levels. This is not an 

ideal ‘normal’ group as it included a few ex-premature babies and a small number of
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children with syndromes such as Trisomy 21. However, it is a reasonable ‘control’ 

group for comparison as there were several ex-premature babies and children with 

syndromes (including Trisomy 21) amongst the renal patients.

4.5.3 Parathyroid Hormone Levels

The mean values obtained for iPTH and CAP-PTH in renal patients overall were 

within the normal range, reflecting the unit policy of aiming for normal PTH levels. 

Results fi'om the in-house ICMA were difficult to analyse and interpret due to the 

change in assay during the study period. Overall the mean ICMA-PTH value was 

about 20 % above the ULN, but when analysed separately the mean of the new- 

ICMA-PTH was witliin normal limits, demonstrating that the improved new-ICMA- 

PTH values and reference range were more in accordance with the IRMAs. Although, 

differences between the results from these two different methodologies still remain.

In patients on dialysis, increased phosphate levels were associated with increased 

PTH levels, highlighting not only the importance of phosphate control in managing 

hyperparathyroidism but also emphasising the difficulties of maintaining an adequate 

phosphate balance in ESRF.

When comparing the different assays by ANOVA, post hoc analysis in the control 

group was possible using standard Bonferroni statistics but in the renal group the 

variances were such that post hoc analysis had to be performed using methods 

(Tamhane’s T2) that did not assume equal variances. This is because PTH levels 

varied considerably between patients.
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4.5.4 C-PTH Levels

iPTH levels were negatively correlated with GFR (CRF and transplant groups). In 

addition there was a weak positive relationship between the GFR and the 1-84 PTH: 

C-PTH ratio suggesting a disproportionate increase in C-PTH with worsening CRF. 

This relationship was not found between CAP-PTH levels and GFR, although in diose 

with CRF there was a trend for increased CAP-PTH levels with worsening CRF. The 

tendency for iPTH levels to rise with worsening renal function was not as strong as in 

adult data (Brossard 2000). This may reflect the therapeutic goal of maintaining 

normal range PTH, which appeared to limit C-PTH synthesis and secretion (see 

below: 4.5.5. PTH Levels and the 1-84 PTH: C-PTH Ratio)', this would also explain 

the lack of relationship between CAP-PTH, which only measures 1-84 PTH levels, 

and GFR.

In patients on dialysis (particularly peritoneal dialysis), the 1-84 PTH: C-PTH ratio 

was significantly reduced reflecting a disproportionate increase in C-PTH levels 

compared to 1-84 PTH. This has been previously described in small numbers of adult 

and paediatric patients on haemodialysis (Brossard 1996; Salomon 2001) and most 

recently in adults on peritoneal dialysis (Tanno 2003). It is likely that C-PTH 

accumulates m these patients due to inadequate excretion. Nevertheless these patients 

undoubtedly undergo non-physiological changes in serum calcium related to dialysis, 

that may adversely affect the relative proportions of 1-84 PTH and C-PTH secreted.

Previous work suggests that C-PTH is likely to be predominantly 7-84 PTH (Lepage 

1998), which cross-reacts with the ‘intact’ IRMA and ICMAs. Increased circulating 

7-84 PTH may reflect not only decreased excretion but also increased secretion, as 

this molecule is present in and excreted fi’om the parathyroid gland and is not merely
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a peripheral breakdown product (Goodman 2002; Nguyen-Yamamoto 2002; Salomon 

2001; Slatopolsky 2000). The stimulus for secretion is unknown, although an increase 

in the proportion of C-PTH to 1-84 PTH has been demonstrated following a rise in 

calcium levels, suggesting perhaps that it is a change in calcium that regulates the 

relative quantities of these molecules (Monier-Faugere 2001). However, the current 

data did not demonstrate any relationship between the 1-84 PTH: C-PTH ratio and 

serum calcium or ionised calcium levels overall, nor when calcium and PTH levels 

were taken at the same time (cross-sectional analysis). Perhaps this underlines the 

dynamic (short term) nature of this PTG response or may indicate that decreased 

excretion is proportionately more influential than increased C-PTH secretion.

4.5.5 Parathyroid Hormone Levels and the 1-84 PTH: C-PTH Ratio

Normal Range Parathyroid Hormone.

The cross-sectional analysis demonstrated that the ratio 1-84 PTH. C-PTH is the same 

in renal patients and controls when CAP-PTH or iPTH levels are within the normal 

range but falls when PTH levels are either above or below the normal range. The 

longitudinal data confirmed the relationship that normal range CAP-PTH or iPTH 

levels were associated with a higher 1 -84 PTH: C-PTH ratio (and a higher CAP- 

PTH/iPTH proportion), i.e. the relative proportion of C-PTH is lower with normal 

range PTH.

As the control data were only collected at one time point, it was not possible to 

directly compare the ratio calculated from the longitudinal data with controls, 

although it is unlikely that the overall mean 1-84 PTH: C-PTH ratio in those with 

moderate CRF was not significantly different from the mean value in controls, 3.4 cf. 

3.3.
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The maintenance of a high ratio is of particular interest in this population group as the 

therapeutic aim is to maintain normal range PTH levels throughout the course of renal 

failure.

It is therefore proposed that the maintenance of a relatively high 1-84 PTH: C-PTH 

ratio with normal range PTH levels, as compared to a lower ratio with supra

physiological PTH levels, may be a consequence of the parathyroid gland never being 

allowed to escape control, so that a disordered calcium-regulated PTH secretion does 

not develop.

The relationship between the 1-84 PTH: C-PTH ratio and GFR was weak, and did not 

reflect the strength of the relationship demonstrated in adult data (Brossard 2000). 

This is likely to be because it reflects the fact that the majority of patients in the CRF 

group had normal range PTH levels and thus had a higher, more normal ratio.

Parathyroid Hormone Levels Below the Lower Limit o f  the Normal Range.

The a*oss-sectional analysis demonstrated that when PTH levels were below the 

lower limit of the normal range the mean of the ratio was significantly reduced to less 

than one, i.e. there was a relative preponderance of C-PTH. Additionally, ALP levels 

were significantly lower. This is interesting as low PTH levels (Hutchison 1993), 

reduced ALP levels (Coen 1998) and 1-84 PTH: C-PTH ratios of this magnitude have 

been associated with low turnover ROD (Monier-Faugere 2001).

There were insufficient patient numbers with PTH levels consistently less than the 

LLN in the longitudinal data to reproduce the same analyses. Nevertheless, when PTH 

levels are below the normal range it would seem appropriate to reduce parathyroid 

gland suppression to allow PTH levels to rise into the normal range.
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Supra-physiological Parathyroid Hormone Levels.

The longitudinal analysis confirmed the cross-sectional results that with PTH levels 

above the ULN there was a decrease in the 1-84 PTH: C-PTH ratio, so that even 

though there was more 1-84 PTH circulating, there is a relative increase in 

antagonism due to an increased proportion of circulating C-PTH. This may explain 

why some patients with PTH levels of 2-4 times the ULN have been shown to have 

low bone turnover; it is interesting to speculate that these patients are likely to have a 

1-84 PTH: C-PTH ratio that is significantly reduced. In addition in these patients the 

risks of hyperparathyroidism, parathyroid gland hyperplasia and cardio-vascular 

morbidity are significant (Bro 1997; De Boer 2002; Rostand 1999).

4.5.6 Growth

As with the retrospective analysis the patients were growth retarded to begin with, but 

perhaps less so than the retrospective analysis (Ht SDS at inclusion; -1.27 cf. -1.73). 

This could be because the second part of the research included different patients, 

mean GFR of those conservatively managed was 34 mls/min/1.73m^ (cf. 22 for those 

included in the first part), but the second part also included patients on dialysis. The 

difference in Ht SDS may also reflect the older median age of those included in the 

second part of the research and thus that these patients, many of who would have been 

followed since birth, may have achieved good growth during these years.

These data compare favourably to the last data firom NAPRTCS (North American 

Pediatric Renal Transplant Cooperative Study), in which the overall mean Ht SDS 

was -1.5. These data included children with less severe data than the current study 

(GFR<75 mls/min/1.73m^) (Fivush 1998).
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Unlike this first part of the research, there was no change in the Ht SDS per year 

throughout the duration of the current study. This may simply reflect the fact that the 

catch-up growth demonstrated in the retrospective analysis was small and only 

significant over a prolonged period (greater than 2 years, whereas this current data 

relate to a mean period of only 1.1 years).

Over time a cohort of normal children with short stature should show an improvement 

in Ht SDS, due to the statistical concept of regression to the mean. However, given 

the health complications of this group of children, growth parallel to the centiles is 

reasonable even though it may eventually result in an increase in height deficit.

AHt SDS and Parathyroid Hormone Levels.

The importance of the stability in Ht SDS is that it was achieved with normal range 

PTH levels and furthermore that there was no linear correlation between the AHt SDS 

and PTH levels. This is in contrast to work by Schmitt (Schmitt 2003) who related 

improved growth to increased PTH levels, this study reported on growth in 24 pre

pubertal patients, it was not powered to investigate the relationship between PTH 

levels and growth and the relationship demonstrated was ‘mainly dependent on the 2 

patients with the highest PTH’. Indeed, overall, this current data clearly demonstrate 

the opposite that those with normal range PTH levels grew significantly better than 

those with PTH levels above the normal range. Furthermore, it should also be noted 

that the 95 % confidence interval for the mean AHt SDS of those with CAP-PTH 

levels above the normal range did not cross zero, suggesting that these patients grew 

poorly, i.e. did not achieve growth along a centile.
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AHt SDS and the 1-84 PTH: C-PTH Ratio.

There is controversy surrounding the clinical relevance of the 1 -84 PTH: C-PTH ratio, 

with one group of workers (Monier-Faugere 2001) demonstrating that a ratio of less 

than 1 was associated with low bone turnover and others (Coen 2002b; Salusky 2003) 

failing to find a similar relationship. Different patient groups were studied: peritoneal- 

and haemo-dialysis patients in the first study (Monier-Faugere); haemodialysis 

patients in the second study (Coen); and peritoneal dialysis patients in the last study 

(Salusky). Furthermore, the first study only included patients not treated with 

medications known to affect bone metabolism (including vitamin D compounds) and 

the last study grouped patients with low turnover disease and those with normal bone. 

This first study has been criticised on several aspects including the use of the derived 

1-84 PTH: C-PTH ratio (Goodman 2003), it has already been stated that the 

mathematical relationship between the agonist 1-84 PTH and antagonist C-PTH can 

be more easily expressed by the CAP-PTH/iPTH proportion, especially as the value 

derived in this way is normally distributed. Nevertheless, analysis of the current data 

across all patients demonstrated a weak but significant relationship between the AHt 

SDS and both the 1-84 PTH: C-PTH ratio and the CAP-PTH/iPTH proportion. A 

stronger relationship would not have been expected, as PTH and ROD are only one of 

several aetiological factors affecting growth. However, the importance of this 

relationship is emphasised by the fact that the third of patients with the lowest 1-84 

PTH: C-PTH ratio (and CAP-PTH/iPTH proportion) have a AHt SDS that is 

significantly less than the third of patients with the highest ratio (and proportion). It 

should also be noted that the 95 % confidence intervals for AHt SDS for the third of 

patients with the lowest ratio did not cross the zero line (see Figure 4.xvii), suggesting
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that there may be impaired growth (i.e. falhng away from the centiles) when the mean 

of the ratio, over time, is less than 1.85.

In summary, maintenance of normal range CAP-PTH or iPTH levels was associated 

with a higher, more normal 1-84 PTH; C-PTH ratio, and that normal range CAP-PTH 

and iPTH levels and a higher ratio were associated with better growth. These 

relationships do not imply causality, i.e. from these data it cannot be stated that a low 

ratio will slow growth, although given the frmctional data that C-PTH antagonises the 

biological activity of 1-84 PTH by acting at a receptor separate to the PTHR (Divieti 

2002; Langub 2003; Slatopolsky 2000) it is tempting to propose this. It is clear that, 

as has been previously suggested, more research is needed to investigate the 

biological role of C-PTH and the clinical relevance of the 1-84 PTH: C-PTH ratio 

(Goodman 2002; Juppner 2002; Malluche 2003; Reichel 2003).

4.5.7 Enteral Feeds

Patients who were artificially enterally fed did not show significantly improved AHt 

SDS compared to those fed normally, although this may reflect the short duration of 

this research and the small number of patients receiving supplemental feeds, as the 

trend (AHt SDS 0.09 cf. -0.03, p=0.09) was suggestive of an improvement in growth 

velocity. The lack of a statistically significant improvement in growth velocity was 

also confounded by patient selection. Those by definition requiring and therefore 

receiving this modality of supplemental feeding were those with the worst growth and 

renal function.

The presence of a feeding tube allows greater patient compliance, especially with 

unpalatable medications such as calcium based phosphate binders. Both serum
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calcium and ionised calcium levels were higher in those with feeding tubes and 

overall there was an association with the quantity of these medications prescribed and 

serum calcium levels (see section 4.5.8. Prescription o f  Calcium Based Phosphate 

Binders and Alfacalcidol). On the other hand, if raised serum calcium levels were 

reflecting greater compliance with the prescription of calcium based phosphate 

binders their efficacy is not demonstrated as phosphate and PTH levels did not differ 

between those with a feeding tube and those without.

4.5.8 Prescription of Caicium Based Phosphate Binders and 

Alfacalcidol

These two therapies are widely used in patients at Great Ormond Street Hospital. The 

use of calcium based phosphate binders in all dialysis patients reflects the difficulty of 

phosphate control already noted by higher phosphate levels in these patients. In 

addition the lower serum phosphate levels, noted above (see section 4.5.1. Serum 

Biochemistry), in transplanted patients was associated with a lower usage of this 

medication in these patients.

Calcium Based Phosphate Binders.

There was no association between the use of calcium based phosphate binders and 

growth, as documented in experimental animals (Sanchez 2000b).

Usage was weakly correlated with serum calcium but not ionised calcium levels. A 

similar relationship was also demonstrated in the retrospective analysis (see section 

3.2.1). In both cases the relationship was dependent upon the 5-10 % of patients that 

were being prescribed the largest doses (greater than 200-300 mg/kg/day). Thus, it 

seems likely that this may reflect gastrointestinal absorption of calcium fi'om these 

compounds when prescribed at high doses, possibly enhanced by the additional
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prescription of alfacalcidol (although no relationship was detected). The lack of 

association with serum ionised calcium levels from both sets of data remains 

unexplained.

In addition there was a positive relationship with the calcium phosphate product. Even 

though these relationships were relatively weak they are somewhat worrying as high 

doses of calcium based phosphate binders have been associated with vascular 

calcification (Goodman 2000) and an increased calcium phosphate product has been 

shown to be detrimental to long term cardiovascular morbidity and mortality (Block 

2000). Having said this, it should be noted that overall, and even in those with the 

highest levels (patients on peritoneal dialysis), the mean calcium phosphate product 

was considerably less than the recommended maximum in adults of 55 mg^/dL^. 

Nonetheless it seems appropriate that other classes of non-calcium based phosphate 

binder are considered and substituted or used in conjunction with lower doses of 

calcium based medicines in individuals who are requiring the largest doses of calcium 

based phosphate binders.

Alfacalcidol.

Prescription of this medication was very common but of note the dosage used was the 

smallest required to control PTH levels and was very low; the mean dose was only 

12ng/kg/day. This is because smaller children are started on 0.1 meg/day, and the 

dosage is usually increased by 0.1 mcg/day as required. As the majority of patients 

have normal range CAP-PTH or iPTH levels, this low dose therapy in conjunction 

with phosphate control is obviously highly efficacious. Furthermore, overall there 

appears to be no detrimental effects of the prescription of alfacalcidol upon serum 

calcium levels (see section 4.5.9) and, importantly, upon growth. Large doses of 

calcitriol have previously been associated with poor growth in patients on dialysis
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(Kuizon 1998), but conversely, the initial studies in children with CRF found 

improved growth with low dose 1,25 (0H)2 vitamin D (Chesney 1978). There was, 

however, a positive relationship between calcium phosphate product and the 

prescription of alfacalcidol that was strongest in those with CRF. Thus whilst the 

prescription of alfacalcidol might increase intestinal absorption of calcium in all 

patients the stronger relationship in those with functioning kidneys may reflect the 

increased renal tubular calcium and phosphate reabsorption effected by 1,25 (0H)2 

vitamin D. Again although there was an increase in the calcium phosphate product it 

should be noted tliat overall mean levels were relatively low in comparison to 

recommended adult upper limits (Block 2000).

4.5.9 Hypercalcaemic Episodes

The occurrence of hypercalcaemic episodes related to the prescription of alfacalcidol 

was infrequent, about once every 36 patient years of treatment. These episodes 

responded to withdrawal of alfacalcidol, although it was generally restarted at a lower 

dose once serum calcium had settled. There did not appear to be any long-term effects 

upon renal function but it is not known whether these hypercalcaemic episodes will 

have had an adverse effect on vascular calcification.

Hypercalcaemia secondary to calcium carbonate use alone occurred once in a patient 

on peritoneal dialysis, but as few patients were not prescribed alfacalcidol it is 

difficult draw any conclusions, although concomitant use of these binders with 

alfacalcidol would tend to increase the likelihood of hypercalcaemia (Delmez 1992)



- 2 1 8 -

4.5.10 Bone Mineral Density

Overall the mean BMD was not different from the normal population. This is perhaps 

a little surprising as children with chronic diseases frequently have decreased BMD 

(van der Sluis 2001). On the other hand, adults with mild to moderate CRF (Hsu 

2002) and pre-pubertal children with CRF (Boot 1998) have also previously been 

shown to have normal BMD.

One of the limitations of DEXA is that it measures areal density (g/cm^) which may 

lead to an under estimation of BMD in short stature (van der Sluis 2001). Therefore, 

as this population displayed short stature the normal mean BMD SDS reported might 

be an underestimate of the actual value. This may be an iatrogenic effect of therapy in 

that most of the patients in this research were being treated with calcium based 

phosphate binders and 1-a calcidol, both of which have been associated with an 

increase in BMD in patients with CRF or ESRF (Phelps 2002; Ruedin 1994) and 

calcium supplementation has been associated with increased BMD in healthy children 

(Eastell 2002).

Only 12 of the 77 children who had DEXA scans were on dialysis. Their mean BMD 

SDS was not significantly lower than those with CRF nor was it lower than normal. 

This is in contrast to other published data (Pluskiewicz 2002), in which the lumbar 

spine BMD SDS was -1.47, which was significantly lower than normal. These data 

found a negative correlation between the BMD and the duration of dialysis. As the 

mean age of this sample was somewhat older, at 15.8 years, than those in the current 

study, perhaps their duration of dialysis was longer accounting for the worse BMD 

SDS.

The use of corticosteroids is associated with osteoporosis and a reduction in BMD 

(van der Sluis 2001), thus as 4 of the twelve patients on dialysis had been treated with 

steroids the overall BMD SDS remains remarkable. Perhaps again it reflects the
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widespread use of calcium based phosphate binders and 1 -a calcidol in this 

population. Nonetheless, it should be noted there was no correlation between the 

BMD SDS and the prescription of either of these medicines. This is perhaps 

surprising as in the normal population BMD is associated with calcium intake (Eastell 

2002). However, this relationship is strongest at low levels of calcium intake and the 

concept of a threshold for calcium intake has been proposed; intakes in excess of 

1500mg/day having no additional skeletal benefit (Matkovic 1992). Many of the 

patients described here take in excess of this quantity just in the form of phosphate 

binders.

4.5.11 Puberty

Pubertal assessment was included in the study as chronic disease, including CRF, and 

chronic steroid use (transplanted patients) may be associated with delayed puberty, 

(Traggiai 2002). By definition delayed puberty is diagnosed in a girl if she has no 

breast development by the age of 13.4 years and in a boy if there is no testicular 

enlargement by the age of 14.0 years. Therefore none of the patients described here 

who were pre-pubertal had delayed puberty. Even though 78 patients had pubertal 

assessments performed, when split by sex and Tanner stage each group was small and 

thus statistical analysis was not particularly useful. However, these data show 

consistent trends throughout the course of puberty and between the sexes that warrant 

comment.

The mean age of the 9 boys in Tanner stage 2 was about the same as the age at which 

50 % of the population would have been expected to have entered this pubertal stage. 

Only four girls were at this stage of development and their mean age was perhaps a 

little older than would have been expected. However by Tanner stage 4 the mean age
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of the 12 boys and 6 girls who had reached this stage was considerably higher than the 

age at which it would be expected that half of the normal population would have 

entered this stage. The overall feel of these data are that whilst there does not seem to 

be any delay in puberty the pubertal process itself appears to be slowed. The effects 

that this may have upon growth can only be guessed at, but it does not seem an 

unreasonable assumption to make that there may well be an associated slowing of the 

pubertal growth spurt. On the other hand, in the longer term the effect may be that 

prolonging puberty affords a longer period of growth, which is an interesting concept 

especially given that continued growth, after the age of 18 years has been 

demonstrated in patients with CRF and ESRF (Andre 2003).
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5 Bone Histology and Histomorphometry.

5.1 Introduction

The importance and relevance of ROD has increased as the survival rates of patients 

with CRF has improved, not least because with longer survival times the incidence of 

skeletal disease has increased (Malluche 1999). In addition the pattern of disease is 

changing (Sherrard 1993). Previously the incidence of low turnover bone disease was 

increasing and associated with the use of aluminium hydroxide and aluminium 

contamination of dialysate fluid (Malluche 2002). More recently ABD remains a 

substantial problem, in adult dialysis patients perhaps affecting up to 40-50 %, and in 

children and adolescents on dialysis affecting 15-20 % of patients (Salusky 1994; 

Sherrard 1993). It seems likely that medical therapies aimed at controlling secondary 

hyperparathyroidism continue to be responsible; calcium based phosphate binders and 

vitamin D prescription have been implicated (Pei 1995; Salusky 2001). There are no 

contemporaneous data in children with CRF.

The gold standard for the investigation of ROD is bone biopsy, which provides 

information on the type and severity of ROD present. This is not a routinely 

performed investigation because many of the practical aspects of this procedure are 

not straightforward. To start with, the procedure is not liked by patients or clinicians; 

it requires sedation and local anaesthetic in adults and general anaesthesia in younger 

children. Secondly, the processing and analysis of the samples are time consuming 

and labour intensive, even with the advent of semi-automated histomorphometric 

analysis. This analysis and interpretation require the expertise of a pathologist with a 

particular interest in the field. In England the only pathology department able to
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process and report samples is that of Professor A Freemont’s at the University of 

Manchester.

Therefore reliable, sensitive and specific laboratory investigations for ROD are 

required to avoid this invasive procedure that can only be performed in specialist 

centres. PTH is the main surrogate marker of bone turnover that is commonly used 

and whilst providing usefiil information at a population level has been found in 

individuals to be a poor predictor of bone histology in ROD, particularly when PTH 

levels are between 1-4 times the ULN (Hutchison 1993; Malluche 1999; Quarles 

1992). Correct diagnosis of the different types of ROD is necessary to modify and 

optimise medical therapy for the specific lesion present.

The recognition of the possible antagonism of the biological activity of 1-84 PTH by 

C-PTH and the cross-reactivity o f ‘intact’ IRMAs with C-PTH has been suggested as 

one of the reasons for the poor predictability of iPTH as a marker of bone turnover in 

ROD (Monier-Faugere 2001; Slatopolsky 2000). It was hoped that the availability of 

new assays that measure just 1-84 PTH may provide a more reliable maker of bone 

turnover, however the evidence so far is inconclusive (Coen 2002b; Monier-Faugere 

2001; Salusky 2003). In addition, several other markers of osteoblast and osteoclast 

function have been proposed as possible non-invasive investigations in the diagnosis 

of ROD. Among the many putative surrogate markers bone specific ALP (BALP) has 

been shown to be a useful indicator of osteoblast activity but the literature is 

unresolved as to its usefulness in the assessment of ROD (Ferreira 2000; Urena 1999). 

Collagen cross-linked telopeptide (CTx) is one of several markers that have been 

found to be useful indicators of osteoclast resorptive activity. There is only a small 

amount of published literature in renal failure, which is again discordant, although it 

seems that the measured jfragments accumulate as renal failure progresses (Ferreira 

2000; Urena 1999).
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This third part of the research investigated the relationship between bone histology in 

children with CRF and on dialysis, and surrogate markers of bone turnover, namely 

PTH (by three assays), BALP and CTx. Relationships with BMD and growth were 

also explored.
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5.2 Patients and Methods

At Great Ormond Street Hospital there is a large ESRF Program in which children are 

offered peritoneal or haemo-dialysis and/or prepared for live related or cadaveric 

renal transplantation. Patients with severe CRF and those in ESRF, attend the Dialysis 

Clinic. At this clinic, between November 2001 and June 2003, patients being worked 

up for dialysis or transplantation were recruited to undergo bone biopsy.

Each patient agreed to extra blood samples being taken at the time of routine sampling 

pre and post-insertion of Tenckhoff catheter or renal transplantation. The additional 

serum was used to measure CAP-PTH, iPTH, BALP and CTx. At the time of 

operation, whilst under general anaesthesia, a bone biopsy was performed. The 

patients also had a DEXA scan of the lumbar spine prior to operation.

Many of the patients who agreed to take part in this part of the study had already been 

recruited to the second part of this research, and thus previous PTH samples for 

several assays and anthropometric data had been collected. When available these data 

were used to investigate relationships with bone histology.

Ethics.

The local Research and Ethics Committee approved this research. Written consent 

was obtained from parents and, where appropriate, participating adolescents.

Bone Biopsy.

The only inclusion criteria were that the child should be aged 5 years or older, 

otherwise all ESRF patients attending the Dialysis Clinic were eligible. Prior to 

biopsy patients took a course of tetracycline to label the bone. The protocol, adapted
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from the work of Salusky et al.(Salusky 1988), was for lOmg/kg/day for two days on 

two occasions, separated by 7-14 days, giving a total dose of 40mg/kg. A minimum of 

3 days later the biopsy was performed. Patients were asked to avoid dairy products 

and to withhold chelating agents such as calcium carbonate and ferrous sulphate on 

the day of taking the tetracycline.

I performed all the biopsies myself; transverse biopsies were taken from the anterior 

superior iliac spine. Initially an 1IG (3.05mm core) Becton-Dickinson bone 

trephine/biopsy needle was used. Unfortunately the samples obtained were not always 

large enough to allow frill histomorphometric analysis. In addition, several passes 

were sometimes required as there were difiSculties in retaining the core in the trephine 

device and therefore in obtaining a biopsy specimen. Of the first nine biopsies only 

three were suitable for histomorphometry. Ethical permission was therefore sort and 

granted for the use of a larger device. The second device used was a 9G Gallini 

Medical Devices (Gallini S.r.l., Mirandola, Italy) bone biopsy needle (see appendix 

7.3). This needle proved much easier to use and provided a core of tissue that was 

adequate for histomorphometry; seven of eight biopsies were suitable for 

histomorphometry, the eighth sample was technically difficult and consisted of cortex 

only. A low power example of an adequate biopsy with both cortex and trabeculae is 

shown in Figure 5.i.

Biopsy specimens were placed immediately into 100% ethanol before being sent to 

Professor A. Freemont, Musculo-Skeletal Research Group, Department of Osteo- 

articular Pathology, University of Manchester, UK. Professor Freemont heads the 

only unit in this country that performs histomorphometry and has a vast wealth of 

experience; his laboratory processes in excess of 100 biopsies per year, from all over
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the world, and has done so for over 35 years. As explained in the introduction (see 

1.8.1) there are many technical difficulties in the histomorphometric method. These 

are predictable and consistent but require each laboratory to have a set of similarly 

processed controls to make comparisons. In children this is very difficult to achieve as 

the invasive nature of the procedure means that it is not regularly carried out in 

patients let alone in healthy controls. Fortunately Glorieux and colleagues published a 

set of paediatric histomorphometric data that demonstrate consistency with adolescent 

data from Professor Freemont’s laboratory(Glorieux 2000); these data were therefore 

used for comparison. The histomorphometric data were expressed as SDS by relating 

them to these age-matched normal data; this is necessary as there are considerable 

changes in normal ranges throughout childhood (and indeed this continues into 

adulthood as changes are apparent with the aging process).

No adverse events were associated with the biopies.

Assays

In addition to the PTH assays described in section 4.2, two further assays wa*e used to 

measure BALP and CTx. These are described below.

Along with the samples for PTH, all the BALP and CTx samples (Lithium heparin 

plasma) were sent to the laboratory at Great Ormond Street Hospital immediately 

after blood was drawn, centrifuged and frozen at - l ( f C .  The samples were processed 

at the SAS Laboratory for Bone Metabolism, St Mary’s Hospital NHS Trust, London 

W2.

Plasma BALP was determined by Metra™ BAP EIA kit (Bone specific alkaline 

phosphatase enzyme linked immuno-assay; Quidel Corporation, San Diego, CA,

USA) that uses a monoclonal anti-BALP capture antibody and a substrate (p- 

Nitrophenyl phosphate) to detect enzymatic activity (Gomez, Jr. 1995). Reference
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ranges have been established for adults over 25 years of age; range varies according to 

sex and in females is increased post menopause, ranges vary between 11.6-42.7 U/L. 

There is no formal paediatric reference range. Centres are expected to report from 

tlieir own experience; thus the ULN in childhood is up to 4-5 times the adult ULN, i.e. 

200 U/L (personal communication Dr Kyd, St Mary’s). The antibody has selective 

high affinity for the BALP isoform, with insignificant binding of placental and 

intestinal forms, but low cross-reactivity to the isoform produced in the liver (3-8 % 

reactivity). The minimum detection limit was 0.7 U/L; intra-assay and inter-assay 

coefficients of variance were less than 6 and 8 % respectively.

Plasma CTx was determined by Serum CrossLaps™ One Step ELISA (Osteometer 

Bio Tech A/S, Herlev, Denmark) that uses two specific monoclonal antibodies in a 

sandwich assay. Two cross-linked peptide chains that are fragments of collagen type 1 

degradation are detected (Bonde 1997). The reference range for normal adults has 

been established, varying between sex and according to menopausal status in women; 

mean values 2304-3634 pmol/L. Paediatric reference ranges are quoted as 500-15 000 

pmol/L (personal communication Dr Kyd, St Mary’s); the minimum detection limit 

was 94 pmol/L, intra- and inter-assay variances were less than 5.5 and 8.1 % 

respectively. Linearity of measurement was established to a range of 20 000 pmol/L. 

One sample was diluted several times without success and is reported as >88 505 

pmol/L.

DEXA

All patients recruited to have a bone biopsy were also booked to have a DEXA scan 

of the lumbar spine. Details of this methodology are given in section 4.2.



- 2 3 0 -

Statistics

SPSS 10.0 was used for analysis. Differences between patient groups, low and high 

turnover bone disease, were compared using Mann-Whitney U test for non-parametric 

independent samples. Spearman’s rank correlation was used to investigate 

relationships between the various serological markers of bone turnover and BMD and 

growth. Data collected on these patients from the second part of this research was 

used to calculate median PTH levels prior to biopsy.
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5.3 Results of Bone Biopsies and Bone Turnover Markers

Seventeen bone biopsies were performed on fifteen patients. Two patients who had 

biopsies taken with the 11G biopsy needle that proved inadequate for 

histomorphometric analysis were re-biopsied using the 9 G needle. Both were initially 

biopsied at the time of Tenckhoff catheter insertion, and had repeat biopsies at the 

time of bilateral nephrectomy and cadaveric transplantation respectively.

Of these 17 biopsies, 10 were suitable for full histomorphometric analysis, six for 

liistology alone and one sample was too crushed for any reliable histological 

interpretation.

The median (range) age at time of biopsy was 14.1 years (7.9-16.6). There were 6 

girls and nine boys. It should be noted that a further five patients who were 

approached declined to take part; all were adolescents, two girls and three boys. Tlie 

underlying diagnoses of those biopsied are shown in Box 5.i.

Box 5.i. Renal Diagnoses of Patients Biopsied

Congenital Obstruction 6

(of which PUV 2)

FSGS 3

Congenital Dysplasia (with VUR) 1

Alports 1

Atypical HUS 1

Heart Transplant patient (Drug Toxicity) 1

Perinatal Event 1

ARPKD 1
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Eleven of these biopsies were performed in CRF patients prior to the initiation of 

renal replacement therapy and six biopsies were performed in patients on dialysis, one 

haemodialysis and five peritoneal dialysis patients (see Table 5.i).

Of the eleven biopsies conducted in CRF patients, three showed low turnover ROD, 

four high turnover disease, three mixed ROD and one sample was unsuitable for 

analysis. Of the five patients biopsied whilst on peritoneal dialysis one had high 

turnover disease on histology and four had mixed ROD (see Table 5.i). The 

histological findings for each patient are summarised in Table 5.ii.
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Table 5.i. Details of Biopsies by Patient Group and Suitability of Biopsy for 

Histomorphometry

Histomorphology Histology only Total

CRF 7 4* 11

2 Low Turnover ROD 1 Low Turnover ROD 3

2 Mild Osteitis Fibrosa 2 High Turnover ROD 4

3 Mixed ROD 3

(1 unsuitable sample) 1

CRF/HD 1 * * Low Tumo ver?unusual biopsy 1

PD 2* 3 5

2 Mixed ROD 2 Mixed ROD 4
(I with High & I with Low (High Turnover Features)

Turnover Features)
1 High Turnover ROD 1

Total 10 7 17

*2 PATIENTS SUBSEQUENTLY RE-BIOPSIED WHEN ON PD

** PATIENT LOADED WHILST IN CRF, BIOPSY AFTER SIX WEEKS OF HD

P D  PERITONEAL DIALYSIS, H D  HAEMODIALYSIS, R O D  RENAL OSTEODYSTROPHY



Ta bl e  5 .n . Su m m a r y  of H istopathological  Fundings of Each  P atient

Pt Histo Osteoblast Osteoblast Osteoclast Osteoclast Coupling Bone Disease
-logy number function number function

CRF A HM ; ; i Uncoupled Low Turnover
Low Turnover B HM ; ; ; Probably

Coupled
Low Turnover

CRF/HD Low  
Turnover

H HM
n : N Uncoupled Low Turnover 

(Mixed elements, unusual biopsy)
CRF
High Turnover

C HM t t t t Probably
Coupled

HPTH

F HM t t t t Coupled HPTH
K H t t T t Probably

Coupled
HPTH

CRF Mixed D HM
n T t Uncoupled Mixed ROD

ROD (high turnover features)
E HM

n N t t Uncoupled Mixed ROD 
(high turnover features)

G HM ; N N Uncoupled Mixed ROD 
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5.3.1 Overall Parathyroid Hormone, Bone Specific Alkaline Phophatase 

and C-Telopeptide Levels

This section describes results from the data investigating potential surrogate markers 

of bone turnover.

All patients who had a bone biopsy were scheduled to have samples for BALP and 

CTx drawn pre and post-biopsy. Patient Y had no pre-biopsy samples sent (prior to 

his first biopsy) and patients G and X did not have post-biopsy samples sent. Patient 

X had two sets of bloods sent (one with each biopsy); only the first set were used in 

the summary data. For the purposes of this summary analysis thirteen of the fifteen 

patients who had a biopsy were included. Two patients had insufficient data; patient N 

had no results from serum samples currently available (as the samples were taken 

after all the other samples had been batch processed) and the patient whose biopsy 

was too crushed to allow any analysis was therefore also unsuitable.

Using data collected on these patients from the second part of this research median 

PTH levels prior to biopsy were calculated. The median (range) length of time prior to 

biopsy for which data had been collected was 0.7 (0.14-1.6) years.

Overall summary data for the median PTH levels of patients prior to biopsy were 

59.8, 54.9 and 30.1 pg/mL for ICMA, iPTH and CAP-PTH respectively; thus iPTH 

and CAP-PTH were within the normal ranges, ICMA just above the ULN.

Overall median (range) BALP levels at the time of biopsy were 87 U/L (21-191) and 

CTx values were 21 785 (11 157- >88 505) pmol/L. In one patient serial sample 

dilutions were unsuccessful in achieving a result, a value of greater than 88 505 was
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reported; the value 88 505 pmol/L was used in calculations even though the actual 

level was higher than this. Thus, whilst BALP levels were within normal limits (ULN 

about 200 U/L) the median CTx value was raised overall (ULN 15 000 pmol/L).

Correlations. Spearman’s ranked correlation demonstrated that BALP levels were 

related to the median ICMA and CAP-PTH levels (i^0.66, p=0.015 and r=0.59, 

p=0.033). The correlation for median iPTH was not significant (r=0.5, p=0.09). There 

was not any relationship between BALP and PTH levels (for any of the three assays) 

taken at the time of biopsy.

CTx levels did not correlate with PTH levels taken at biopsy or with median levels 

prior to biopsy. CTx did not correlate with BALP levels either.

Similarly, correlations between the bone formation rate (BFR, an important 

histomorphological index of bone turnover) were related to the overall median PTH 

levels taken prior to biopsy (r>0.77, p<0.009, for 3 PTH assays) but not to PTH levels 

taken at the time of biopsy (r>0.56, p>=0.05). The BFR correlated with the BALP 

levels taken at the time of biopsy (r=0.65, p=0.043, for BALP).

CTx levels and the mean 1-84 PTH: C-PTH ratio were not related to the BFR.

Low and High turnover. Given the small numbers, the patients were split into two 

groups; those with low turnover bone disease, patients A, B, H and X (patient X had 

mixed ROD with features of low turnover disease); and those with high turnover 

disease, including four patients with mixed ROD but who had features of high 

turnover disease( patients C, D, E, F, K, L, M and Y). Comparisons were made 

between these two groups. Patient G was classified as having mixed ROD with 

features of normal bone turnover; he was therefore not included in either of these two
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groups but his results are discussed in relation to those of the high and low turnover 

groups.

PTH. All PTH assays demonstrated median PTH levels that were significantly lower 

in the low turnover compared to high turnover group (p=<0.011, Mann-Whitney, see 

Table 5.iii). The median 1-84 PTH; C-PTH ratio, calculated for the period of 

inclusion prior to biopsy, was 1.1 which is slightly above the ratio of 1 below which 

others have found an association of ABD (Monier-Faugere 2001). When the ratio was 

compared between these low and high turnover groups it was not found to be 

statistically different (p=0.35).

Three of the four patients in the low turnover group had PTH levels that were in tlie 

lower half of the normal range and two were only just above the lower limit of 

normal. Thus perhaps it is not surprising that they displayed low turnover disease.

Of the eight patients in the high turnover group, four patients were classified as 

having higli turnover disease secondary to hyperparathyroidism. Three of these 

patients were pre-dialysis, median ICMA levels were between 3-6 times ULN, iPTH 

levels 1.7-3 times ULN and CAP-PTH 1-2.1 times ULN. The fourth of these patients 

with hyperparathyroid ROD was on peritoneal dialysis. All PTH levels were greater 

than 4 times ULN. The four patients who had mixed ROD with features of high 

turnover disease had normal range CAP-PTH and iPTH levels. ICMA levels in these 

patients were just above the ULN.

BALP. BALP levels, taken at the time of biopsy, were significantly lower in the low 

turnover group (p=0.042) compared to the high turnover group.

CTx. CTx levels did not demonstrate similar trends between these two groups of 

patient.
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Paiieni G. The PTH values obtained in patient G (mixed ROD with many features of 

normal turnover) were above the range of values obtained for the low turnover group. 

The 1-84 PTH; C-PTH ratio was higher in this patient than any of the others and the 

BALP level was within the ranges of both the low and high turnover groups (see 

Table S.iii)
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Table PTH, BALP and CTx in Low and High Turnover Renal 

Osteodystrophy

Low Turnover 
n=4 

(range)

Patient G 
Mixed ROD 
(features of 

normal 
turnover

High Turnover 
n=8 

(range)

p-value

ICMA-PTH
pg/mL

(Normal range 5-39  
pg/mL)

13.3-43.7 59.8 56.0-266.9 0.007

iPTH
pg/mL

(Normal range 5-39  
pg/mL)

12.6-36.5 58.7 35.1-336.6 0.007

CAP-PTH
pg/mL

(Normal range 5-39 
pg/mL)

8.5-19.8 30.1 21.7-181.5 0.011

1-84 PTH; C-PTH 
Ratio

0.6-1.5 1.7 0.8-1.5 0.35

BALP
U/L

(ULN 200 U/L)

21-93 52 33-191 0.042

CTx
pmol/L

(Normal range 500- 
15000)

14154-53040 19563 11157-88505 1.000

PTH  V a l u e s  Refer  to  m ed ia n  of Sam ples C o llected  Prior  to  B iopsy  

BALP AND CTx VALUES AT TIME OF BIOPSY
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5.3.2 Individual Patients; Parathyroid Hormone Assays, Bone Mineral 

Density and Histomorphometry

The section discusses the individual biopsy results of each patient, describing the 

specific features present and relates these findings to the previous PTH levels, BMD 

and growth of the patient. Patients with similar ROD findings are discussed together, 

imder the headings of low, high and mixed ROD. Table 5.ii. summarises the 

histopathological findings from the biopsies of each patient. Table 5.iv. shows details 

of the PTH values and growth data for each patient during the period prior to biopsy 

and Table 5.v. gives details of histomorphometric and BMD SDS for each patient. 

Patients are labelled alphabetically for the purposes of this discussion.

Patients with Low Turnover ROD.

Patients A, B, H and X had biopsies demonstrating low turnover bone disease or 

features of diminished turnover.

Patients A and B both were biopsied prior to the commencement of renal 

replacement therapy and on histomorphometry had low turnover ROD approaching 

that of ABD. They had 8 and 16 months, respectively, of data available prior to 

biopsy. Both had low median PTH levels during this period, median CAP-PTH 15.4 

and 8.5 pg/mL respectively (normal range 5-39 pg/mL). The median 1-84 PTH; C- 

PTH ratio was 1.5 and 0.9 respectively and they grew along the centiles. Both 

patients had a decrease in osteoblast number and fimction manifested by very low 

BFR and significantly reduced number of mineralising surfaces (MS). In fact there 

was no labelling seen in the specimen of patient A; this is common in ABD due to 

diminished osteoblast activity. Osteoclast numbers were also significantly reduced in
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both patients with considerable loss of function noted by reductions in osteoclast 

surfaces (OsS) and eroded surfaces. Furthermore osteoblast compared to osteoclast 

functions were decreased with uncoupling. All these findings were consistent with a 

low turnover state approaching ABD. Typical examples of the histological findings of 

low bone turnover are shown in Figures 5.ii.

The DEXA scans of these patients were markedly different; patient A had a normal 

result whilst patient B had a reduced lumbar spine BMD (SDS = -2.2).

Patient X had two biopsies, the first demonstrated low turnover on histology, and the 

second a mixed ROD on histomorphometry, details of which are discussed below in 

Mixed ROD.

Patient H was also noted to have a low turnover state but the results were not 

straightforward. He was labelled with tetracycline prior to insertion of Tenckhoff 

catheter. Unfortunately his renal function deteriorated rapidly and he required a short 

period of haemodialysis; thus biopsy was undertaken following 6 weeks of 

haemodialysis. Only a few serum samples were collected prior to biopsy. These 

demonstrated normal range PTH levels and a 1-84 PTH; C-PTH ratio of 1.2. 

Osteoblast numbers were normal but function was reduced; the BFR was -1.9 and the 

MS -1.5 SDS below the mean respectively. Osteoblast surfaces were also 

significantly reduced (SDS = -2.4). All these indices were consistent with reduced 

bone formation. Osteoclast numbers were normal but function was decreased; eroded 

surfaces were significantly reduced (SDS =-3.1 ) and OcS was -1.5 SD below die 

mean. There was uncoupling of osteoblasts and osteoclasts.



Ta b l e  5 .iv . M edian  P T H  A ssay  D a t a  f o r  each  P atient  B iopsied

Pt Histo
-logy

ICMA-
PTH
pg/ml

CAP-
PTH
pg/ml

iPTH
pg/ml

1-84PTH:
C-PTH
Ratio

CAP-
PTH/iPTH
Proportion

Duration of 
Data Collection 
Prior to Biopsy 

(years)

Clinic
Visits

AHt SDS 
per year

CRF A HM 22.8 15.4 23.8 1.5 0.61 0.67 6 0.13
Low Turnover B HM 16.1 8.5 12.6 0.9 0.46 1.4 7 -0.11

X H 8.5 7.1 15.1 1.0 0.47 0.05 2 -

CRF/HD 
Low Turnover

H HM 43.7 19.8 36.5 1.2 0.54 0.14 3 -0.23

CRF C HM 222.2 80.1 132.0 1.3 0.60 0.5 7 0.11
High Turnover F HM 266.9 43.0 146.3 1.5 0.60 0.72 4 GH

K H 165.2 52.7 114.0 1.0 0.50 0.64 6 -0.34
Y H 62.7 31.1 55.6 1.4 0.58 1.3 9 0.00

CRF G HM 59.8 30.1 58.7 1.7 0.63 1.6 10 -0.5
Mixed ROD D HM 59.8 21.7 35.1 1.3 0.56 1.53 11 -0.07

E HM 92.1 32.1 54.9 1.4 0.59 1.6 7 0.34
PD X HM 13.3 9.5 31.6 0.6 0.42 0.7 7 -0.42
Mixed ROD Y HM 56.0 31.1 55.6 1.4 0.58 1.4 11 -0.02

M H 80.7 26.7 51.7 0.8 0.44 0.43 4 0.09
N H 87.4 24.6 44.7 1.7 0.63 1.26 10 -0.16

PD
High Turnover

L H 265.9 181.5 336.6 1.3 0.54 0.67 5 -0.09

12K)

H M  H isto m o r ph o m etry , H  H isto lo g y  o n l y , GH On  Grow th  Ho rm o ne  Th erapy



T a b le  5 .v . H is to m o r p h o m e tr ic  a n d  BMD SDS s c o r e s  f o r  e a c h  P a t ie n t

Pt Histo
-logy

BFR MS Ob
Surface

Oc
Number

Osteoid
Thickness

Eroded
Surfaces

Oc
Surface

DEXA
SDS

CRF A HM -3.2 -3.3 0.6 Decreased -1.5 -2.4 -1.5 1.2
Low Turnover B HM -2.8 -2.8 -1.9 Decreased -1.7 -1.4 -1.5 -2.2

X H 0.9
CRF/HD 
Low Turnover

H HM -1.9 -1.5 -2.4 Normal -0.2 -3.1 -1.5 -2.2

CRF C HM 3.7 6.9 2.6 Increased 1.1 1.3 2.2 0.9
High Turnover F* HM 2.6 3.7 0.5 Increased 1.3 0.8 2.9 -0.3

K H 1.1
Y H -2.3

CRF G HM -1.1 -2.2 -0.9 Normal -1.1 -0.3 -0.2 2.8
Mixed ROD D HM -0.33 0.8 0.3 Increased 0.9 0.8 3.0 -3.4

E HM 3.0 6.6 3.3 Increased 4.3 1.3 0.7 -2.0
PD X HM -2.2 -2.1 -2.2 Increased -1.5 0.4 1.6 0.9
Mixed ROD Y HM -2.1 1.4 0.0 Increased 2.7 -1.5 -0.4 -2.3

M H -3.1
N H -1.7

PD
High Turnover

L H -

H M  H isto m o r ph o m etry , H  H isto lo g y  o n l y , * 0 n  Grow th  Horm one  Th er a py , O b  O st e o b l a st , O c O steo c la st  

MS M in er alised  SURFACE, B F R  B one  Fo rm atio n  Rate



Figure 5.il. Histology o f Low Turnover Bone Disease
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The histomorphometry report states ‘this is an unusual biopsy.. .the primary 

abnormality... seems to be a failure of function of osteoblasts’; this patient’s 

underlying renal diagnosis was FSGS, (although at renal biopsy evidence of Kimura’s 

disease, from which the patient also suffered, was seen in the renal parenchyma) and 

he had previously been treated with steroids several years previously. His DEXA scan 

revealed a significant reduction in lumbar spine BMD (SDS= -2.2). In the sixth 

months prior to biopsy his growth rate was reduced (AHt SDS ^  -0.23).

Patients with High Turnover ROD.

Patients C, F, K and L had biopsies demonstrating high turnover ROD secondary to 

hyperparathyroidism.

Patients C, F and K had biopsies at the time of Tenckhoff Catheter insertion; all had 

features of mild osteitis fibrosa. These patients had between 6 and 18 months of data 

and serum samples prior to biopsy.

Patient C had PTH levels consistently above the ULN when measured by all assays 

(greater than 2 times the ULN for all assays). The median 1-84 PTH; C-PTH ratio was 

low at 1.3 but both growth and BMD were normal (see Tables 5.iv and 5.v).

Patient F had four clinic visits documented in the 8 months prior to biopsy. ICMA- 

PTH levels were measured on 3 occasions and CAP-PTH and iPTH on only 2 

occasions. PTH levels were raised on all occasions with all three assays, markedly so 

(>2 times ULN) with ICMA-PTH and iPTH values. Despite being on growth 

hormone this patient’s AHt SDS was -0.34 during this period, but lumbar spine BMD 

was normal.
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Patients C and F had increased osteoblast numbers and increased fimction and both 

patients had elevated BFR (SDS> 2.6), MS were markedly increased (>3.7 SD above 

the mean) and ObS were significantly increased. Osteoclast numbers and fimction 

were increased in both patients and OsS were significantly increased (SDS>2.2), 

eroded surfaces were normal. It was felt that osteoblasts and osteoclasts remained 

coupled in both patients. Typical examples of increased osteoblast and osteoclast 

numbers and fimction are demonstrated in Figures S.iii a and b.

Patient K had insufficient bone specimens for histomorphometric analysis, however 

histological findings were suggestive of high turnover disease; the sample consisted 

of cortical bone only that demonstrated ‘very active bone remodelling.. .the 

appearances very strongly indicate a diagnosis of hyperparathyroidism’. Patient K had 

PTH levels above the normal ranges for all assays, although there was considerable 

disparity in levels varying between normal levels and values up to 5 times ULN (5 of 

6 ICMA-PTH values were above the ULN, and 2 of 4 CAP-PTH and 3 of 4 iPTH 

levels respectively were above the ULN). The 1 -84 PTH: C-PTH also varied fi"om 0.6 

to 2.3. Growth was perhaps a little slowed (AHt SDS was -0.34) but lumbar spine 

BMD was normal.

Patient L was on peritoneal dialysis at the time of biopsy; unfortunately the sample 

was not large enough for histomorphometry. Histology of the cortical bone sample 

obtained showed increased cell number and activity with a subjectively increased 

inter-labelling distance ‘ . appearances are those of severe hyperparathyroidism’. 

Indeed patient L was markedly hyperparathyroid by all PTH assays (median PTH 

values >4 times ULN for all assays), the 1-84 PTH: C-PTH ratio was consistently 

low. He was followed for 8 month prior to biopsy during which time his growth was 

reasonable (AHt SDS = -0.09), he did not have a DEXA scan.



Figure S.iiia. Histology of Trabecular in High Turnover Bone Disease
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Figure S.iiib.

Histology of Periosteum and Cortex in High Turnover Bone Disease
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Patients with M ixed ROD.

The remaining seven patients had mixed ROD; five with features of high turnover 

disease, one with features of low turnover disease and one with several parameters 

within the normal spectrum.

Three of the seven patients were conservatively managed patients from the CRF 

group (D, E and G) and four were from the peritoneal dialysis group (M, N, X and Y). 

Patient D had many features of high turnover ROD with a normal number of 

osteoblasts but slightly decreased fimction; BFR, MS and ObS were normal. The 

number of osteoclasts and their function was increased; OsS (SDS=3.0). Osteoblasts 

and osteoclasts were noted to have become uncoupled. There was also some mild 

(grade 1) peritrabecular fibrosis and thus the conclusion was ‘..appearances are those 

of a mixed ROD verging on moderate hyperparathyroidism’. This patient had an 

underlying diagnosis of FSGS and had previously been treated with steroids; she 

provided 11 data points during the 18 months prior to biopsy, 11 ICMA-PTH samples 

were drawn and 8 CAP-PTH and iPTH samples were also collected. The median 

ICMA-PTH value was just above the ULN, whilst both CAP-PTH and iPTH were 

well within the normal range, the 1-84 PTH: C-PTH ratio was 1.3. Growth was good 

but DEXA scan revealed significantly reduced lumber BMD (SDS= -3.4).

Patient E had a normal number of osteoblasts and normal osteoblast function, 

however BFR and MS were significantly increased. Osteoclast number and function 

were also increased with uncoupling. There was also grade 1 peritrabecular fibrosis. 

This biopsy was classified as mixed ROD although many of these features were 

consistent with mild to moderate hyperparathyroid bone disease. He had an median 

ICMA-PTH level of almost twice the ULN, but both CAP-PTH and iPTH were just 

less than the ULN; about a year prior to biopsy this patient had had PTH levels in the 

normal range but levels subsequently levels became markedly elevated. 1-a calcidol
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prescription was increased and levels had returned to the normal range a month prior 

to biopsy. During this period the 1-84 PTH: C-PTH ratio varied from 1 to 7, and the 

patient grew well, A Ht SDS was 0.34 but had a markedly reduced lumbar spine BMD 

at -2.0 SDS.

Patient G was followed for over a year and half prior to biopsy with slowly 

deteriorating renal function. PTH levels varied considerably i.e. CAP-PTH values 

ranged between 18.2 and 70.5 pg/ml (reference range 5-39 pg/ml). The 1-84 PTH; C- 

PTH ratio remained relatively stable, the median value was 1.7. There were decreased 

osteoblast numbers and function and BFR and ObS were normal, but MS was 

significantly reduced (SDS = -2.2). Osteoclast number and function were increased 

but with normal OcS. There was uncoupling of the osteoblasts and osteoclasts and 

Figure 5.iv demonstrates this typical type of uncoupling. Growth was poor (AHt SDS 

=-0.50) and DEXA scan showed significantly increased lumbar BMD (SDS =2.8). 

Patient M was a heart transplant patient being treated with immunosuppressive 

agents (including steroids) who was also a peritoneal dialysis patient; his biopsy 

consisted of a series of linked trabeculae, osteoblasts appeared normal but there 

appeared to be reduced function even though tetracycline labelling was present. There 

was uncoupling of osteoblasts and osteoclasts, which were increased in number witli 

an increase in eroded surfaces. He was classified as mixed ROD with features of "... 

mild to moderate hyperparathyroidism’. He was seen in clinic 4 times in the 5 months 

prior to biopsy, initially he was hyperparathyroid but a small increase in 1-a calcidol 

prescription reduced PTH levels. The 1-84 PTH: C-PTH ratio also fell to less than 1. 

Growth was more or less along the centiles in the year prior to biopsy, AHt SDS = 

0.09; the DEXA scan revealed significantly reduced lumbar spine BMD (SDS =-3.1). 

Patient N, the biopsy of this patient was of cortical bone only. Histology was difficult 

to assess; there was an increase in osteoclasis and mild (grade 1) peritrabecular
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fibrosis but subjectively decreased double labelling. The decreased osteoblast fimction 

but increased osteoclast number and function suggested uncoupling (see figure 5.iv). 

This patient was classified as mixed ROD but with features of ‘ . a high turnover 

bone state, and most probably represents moderate hyperparathyroidism’. Indeed 

patient N was markedly hyperparathyroid by ICMA-PTH a year or so prior to biopsy, 

CAP-PTH was at the ULN. 1-a calcidol dosage was increased and in the nine months 

prior to biopsy PTH levels returned to the normal range. The 1-84 PTH: C-PTH ratio 

also fell fi*om greater than 2 to less than 1. Growth during this period was 

unremarkable (AHt SDS =-0.16) and DEXA scan demonstrated lumbar spine BMD to 

be -1.7 SDS below the mean.

Patient X, the first sample fi’om this patient was composed of cortex only. Histology 

demonstrated decreased cortical osteoid and osteoclasis and was described as being 

indicative of a low turnover state. Interestingly, this patient suffered an episode of 

hypercalcaemia, unrelated to 1-a calcidol prescription, about a year prior to this; 

hypercalcaemia and the inability to handle a calcium load are associated with ABD. A 

month prior to this biopsy and at the time of the biopsy this patient had low CAP-PTH 

levels, median 7.1 pg/ml and a 1 -84 PTH: C-PTH ratio of 1.0. Patient X went on to 

peritoneal dialysis and had a second biopsy six months later; during this period his 

CAP-PTH levels remained in the normal range but increased fi'om pre dialysis levels. 

The 1-84 PTH: C-PTH ratio was 1.0 prior to the first biopsy and fell following the 

initiation of peritoneal dialysis.



Figure 5.iv.
Histology Demonstrating Uncoupling (typical of adult ROD)
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The second biopsy revealed a mixed ROD; osteoblast number and fimction were 

decreased, thus the BFR (labelled prior to the commencement of peritoneal dialysis 

and reflecting bone formation at this point in time), MS and osteoblast surfaces (ObS) 

were significantly reduced. There were increased numbers of osteoclasts and OcS 

were increased at 1.6 SD above the mean. It was felt that the osteoblasts and 

osteoclasts had become uncoupled. The lumbar spine BMD of this patient was 

normal.

Patient Y, the first sample fi-om this patient contained cortex and trabecular bone but 

was too small for histomorphometric analysis. Histology showed increased cell 

numbers and activity ‘... the appearances are those of hyperparathyroidism’. This 

patient had Alports syndrome and attended the clinic regularly prior to his first 

biopsy. Median ICMA-PTH levels in the year before biopsy, whilst the patient was 

treated conservatively, was just above the ULN, both median CAP-PTH and iPTH 

values were well within the normal ranges althougli a couple of episodes of 

hyperparathyroidism were noted with raised values fi'om all three assays. The 1-84 

PTH: C-PTH ratio was also variable (range 0.7-32). This biopsy took place at 

insertion of Tenckhoff catheter. Two months later this patient received a cadaveric 

renal transplant and at the time of this operation a second bone biopsy was taken. 

During these two months the patient became slightly more hyperparathyroid; the 

CAP-PTH value prior to the second biopsy was 57.8 pg/ml (ULN 39 pg/ml). The 

second biopsy was suitable for histomorphometiy, which not surprisingly revealed a 

mixed ROD picture. Osteoblast number and function were reduced, but whilst the 

BFR was significantly reduced (SDS =-2.1) the MS and ObS were normal. Osteoclast 

numbers were increased and function was increased; the OcS was 1.6 SDs above the 

mean although eroded surfaces were normal. Osteoblasts and osteoclasts had become
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imcoupled. Growth during tliis period was along the centiles (AHt SDS= -0.02) but 

DEXA scan demonstrated a considerable reduction in BMD (SDS=-2.3).

5.3.3 Serial Measurement of Surrogate Markers of Bone Turnover

This section reports the changes to BALP and CTx levels over time and in relation to 

a change in treatment modality. Tables 5.vi and 5.vii show the evolution of BALP and 

CTx levels in each patient, and illustrate effects of a therapy change.

Transplantation. Three (patients A, F and Y) of the six patients who were 

transplanted had samples for BALP and CTx taken pre and post transplant. In all 

cases post transplant levels were significantly lower than pre-transplant levels, with 

reductions of >35 % in BALP and >44 % in CTx levels at between 10 and 24 days 

post transplant. Repeat samples were taken in these three patients at 5-10 weeks after 

transplantation; BALP levels had returned to pre-transplant levels regardless of tlie 

initial level. In contrast CTx levels did not increase when repeat samples were taken 

5-10 weeks post transplant; CTx levels remained at about 50 % of the pre-transplant 

levels.

Peritoneal Dialysis. Six of the seven patients who were biopsied at Tenckhoff 

insertion had samples for BALP and CTx taken pre and post dialysis (at 2-3 weeks 

post procedure). Five of the six showed a small drop in BALP levels of 12 % (range 

of reductions 8 to 44 %), the two patients (F and K) with the largest falls in BALP 

levels had samples taken at 5-6 weeks post procedure; the sixth patient (patient D) had 

an increase of 18 % in BALP level.

CTx levels did not on the whole fall following peritoneal dialysis; two patients (C and 

K) did not show any significant change (+4 and -5  %, respectively), two had small
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increases (X and E) o f+10 and +11% and patient D had a 45% increase in levels, 3 

weeks after the procedure.This patient had an additional set of samples sent at about 

14 weeks post-dialysis; both BALP and CTx levels were further increased. Patient B 

was the only patient to demonstrate a fall in CTx levels, a reduction of 26 % at 2 

weeks post-dialysis.

In addition to the samples documented in Tables 5.vi and 5.vii, patient H had a set of 

samples sent prior to commencement of haemodialysis. At this time his BALP was 29 

U/L and CTx was 19 976 pmol/L. Following 6 weeks of haemo-dialysis, when 

samples were repeated at the time of Tenckhoff insertion, the BALP was 23 U/L but 

die CTx had jumped over 200% to 53 040 pmol/L. Samples taken 10 weeks later, 

after he had changed to peritoneal dialysis, showed that the BALP was unchanged (26 

U/L) but that the CTx levels had fallen to 34 340 pmol/L.

5.3.4 Bone Mineral Density

The median lumbar spine BMD SDS was -1.7, but this included four patients who 

had previously been treated with steroids; three of the four had abnormally low BMD 

SDS (<-2.2 for all three patients). One of these had low turnover and the other two 

had mixed ROD but with features of high turnover disease. The fourth patient who 

had been treated with steroids had a normal lumbar spine BMD (SDS= 0.9) and had a 

mixed ROD with some features of low turnover disease on histomorphometry.

There was no difference in the BMD SDS (p=0.39, Mann-Whitney) between the low 

and high turnover groups, described in section 5.3.1. There were no correlations 

between the BMD SDS and any of the serological markers of bone turnover.
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5.3.5 Growth

No relationships were demonstrated between the AHt SDS and histomorphometric 

indices. Neither did the low turnover and high turnover groups grow at different rates.



T a ble  5 .v i. B one  Spec ific  A lk a lin e  P h osph atase  fo r  each  Patient

Pt Histo
-logy

RRP BALP 
Prior to 
Biopsy 

U/L

BALP
at

Biopsy
U/L

Mean
pre

biopsy
BALP

BALP
following

Biopsy

Num. 
of Days 

from 
Biopsy

%
Change

Subseq
-uent
BALP

Num. 
of days 

from 
Biopsy

%
Change

CRF A HM CRF-^Tx 97 93 95 46 24 -106 98 72 +113
Low B HM CRF-^PD 30 21 26 23 14 -13 - - -
Turnover X H CRF-^PD 29 26 28 26 22 -8 36 63 +38
CRF/HD H HM HD->PD - 23 23 26 71 +13 - - See text
CRF C HM CRF->PD 182 191 187 169 23 -11 - - -

High F HM CRF->Tx - 167 167 106 14 -37 154 59 +45
Turnover K H CRF->PD 38 33 36 20 37 -44 - - -

Y H CRF^PD - - - 74 - - - - -
CRF G HM CRF^Tx - 52 52 - - - - - -
Mixed D HM CRF->PD - 87 87 103 21 +18 118 102 +15
ROD E HM CRF->PD - 183 183 125 46 -31 - - -
PD X HM PD - 58 58 - - - - - -
Mixed Y HM PD->Tx 74 85 80 52 10 -35 85 34 +63
ROD M H PD 135 112 124 116 42 -6 - - -

N H PD->Tx - - - - - - - - -
PD
High
Turnover

L H CRF^Tx 140 141 141

HM H is t o m o r p h o m e t r y ,  H  H i s t o l o g y  o n l y ,  R R P  R e n a l  R e p la c e m e n t  T h e r a p y , C R F C h r o n ic  R e n a l  F a i lu r e ,  P D
P e r i t o n e a l  D i a l y s i s ,  HD h a e m o d ia ly s i s ,  T x  T r a n s p la n t

K)
< 1



Ta bl e  5 .vn . C -term in al  Telo peptide  Levels for  each  Patient

Pt Histo
-logy

RRP CTx 
Prier to 
Biopsy 

U/L

Ctx at 
Biopsy 

U/L

Mean
pre

biopsy
CTx

CTx
following
Biopsy

Num. of 
Days 
from 

Biopsy

%
Change

Subseq
uent
CTx

Num. 
of days 
from 

Biopsy

%
Change

CRF A HM CRF-^Tx 21777 19432 20604 6134 24 -236 10439 72 +70
Low B HM CRF-^PD 14462 14154 14308 11329 14 -26 - - -
Turnover X H CRF^PD 11666 9646 10406 11499 22 +11 8728 63 -24
CRF/HD H HM HD->PD - 53040 53040 34340 71 -35 - - -
CRF C HM CRF->PD 25097 27930 26514 27472 23 +4 - - -
High F HM CRF->Tx - 21785 21785 12296 14 -44 8454 59 -31
Turnover K H CRF-^PD 14531 14464 14498 13801 37 -5 - - -

Y H CRF->PD - - - 34643 - - - - -
CRF G HM CRF->Tx - 19563 19563 - - - - -
Mixed D HM CRF-^PD - 16894 16894 24422 21 +45 28278 102 +16
ROD E HM CRF^PD - 57475 57475 62945 46 +10 - - -
PD X HM PD - 31220 31220 - - - - - -
Mixed Y HM PD-^Tx 34363 24240 29302 11157 10 -62 14799 34 +33
ROD M H PD 52970 >88505 >70000 41961 42 >-40 - - -

N H PD ^T x - - - - - - - - -
PD
High
Turnover

L H CRF^Tx 43320 29839 36580

K)Ln
00

HM H is t o m o r p h o m e t r y ,  H  H i s t o l o g y  o n l y ,  RRP R e n a l  R e p la c e m e n t  T h e r a p y , CRF C h r o n ic  R e n a l  F a i lu r e ,  PD
P e r i t o n e a l  D i a l y s i s ,  HD h a e m o d ia ly s i s ,  T x  T r a n s p la n t
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5.4 Discussion

This part of the study was not designed nor powered to provide statistically robust 

data investigating ROD and its relationship to markers of bone turnover in children 

with CRF and ESRF. This is because the technique of bone biopsy is not well 

established in paediatric practice and because in the time available it would not have 

been possible to recruit sufficient numbers. Adult biopsy devices are specially 

manufactured trochar implements that are far too large for paediatric biopsy; thus the 

technique was modified fi'om haematological bone trephine practice and instruments. 

The uncertainty of the morbidity that patients may suffer fi'om this technique was of 

concern initially. After 9 biopsies had been performed, it was concluded that although 

the procedure was very safe with no significant morbidity, the biopsies were 

inadequate in size for fiill histomorphometric analysis. Larger biopsy needles 

therefore replaced the initial devices; these larger needles did not result in any patient 

morbidity. Despite these difficulties, ten biopsies were of sufficient size to allow 

histomorphometric analysis and a further six biopsies provided adequate specimens 

for histological analysis.

Perhaps the most surprising finding from this part of the research is that no biopsy 

demonstrated a normal pattern of bone histology. This compares to 20 % of biopsies 

being normal in the largest pubhshed paediatric series, 55 patients, which only 

included patients on peritoneal dialysis (Salusky 1994). The different criteria for 

classification may account for some of this difference, as this study used absolute 

histomorphometric values as opposed to SDS. Work in pre-dialysis adults patients, 

classified in a similar way to the current research did not report normal bone histology 

(Hutchison 1993). Others have found normal histology in 25 % of adults with
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conservatively managed moderate CRF (mean GFR 36 mls/min) (Hamdy 1995) and 

most recently, in an unselected sample of pre-dialysis adults, 38 % were found to have 

normal histology (Spasovski 2003). This last study again used absolute 

histomorphometric values to classify the nature of any ROD.

Therefore, these differences in the literature, large that they are, might be explained 

by the different histological standards used to classify the forms and severity of ROD 

and by differences in patient selection.

Nevertheless, it is a remarkable and perhaps alarming fact that the bone histology of 

children in severe CRF and ESRF contains abnormal features regardless of the PTH 

level.

Although the numbers were small it is important that there was no association 

between growth and bone turnover. Those with low turnover bone disease grew 

normally. Oneof the patients with high turnover disease was on growth hormone.

Bone Turnover in CRF.

Of the 11 biopsies in children with conservatively managed CRF, 4 (36 %) had high 

turnover ROD, which is slightly less than the 40-50 % of pre-dialysis adult patients 

that would be found with this lesion. Three (27 %) of these patients (or 4 of 12 (25 %) 

if the patient who required emergency haemodialysis is included) had low turnover 

states. This compares with 25-50 % seen in adult series. Three (27 %) CRF patients 

were classified as having mixed ROD (two with features of high turnover disease) in 

comparison to 10-13 % of pre-dialysis adults (Hutchison 1993; Torres 1995). 

Comparison with adult data is full of difficulties, not least that the adult skeleton is 

not affected by growth and there are no contemporary data in pre-dialysis children 

with which to compare. The numbers are small but it would appear that perhaps there
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are fewer children with low turnover disease than might have been expected, and 

more children with mixed ROD than is seen in the adult population. It should be noted 

that the criteria for histological diagnoses that are used in adult practice, e.g. ABD 

defined by BFR and MS < 2 SD below the normal mean, plus normal or lower 

osteoclast numbers, surfaces and osteoid thickness (Hutchison 1993), are often 

difficult to meet in paediatrics as the SDS may be quite large. Thus a number of 

patients have been classified as having mixed ROD (with high turnover features) who 

if less strict criteria were used may have been classified as high turnover.

Nonetheless, given the unit policy of trying to maintain normal range PTH levels, 

levels that have previously been associated with low turnover bone disease, it is 

perhaps surprising that more ABD was not seen.

Bone Turnover in Peritoneal Dialysis.

Of the five patients on peritoneal dialysis one had high turnover disease and the 

remaining four had mixed ROD (three with liigh turnover features, one with features 

of low turnover disease). In the largest published studies in paediatric patients on 

peritoneal dialysis about 60 % had high turnover lesions, 20 % low turnover, 20 % 

had normal histology and only a very small percentage had mixed ROD (Salusky 

1988; Salusky 1994). In these studies patients were classified into bone turnover 

groups based on absolute values of histomorphometric indices (rather than SDS data) 

making direct comparison difficult. Up to half of adult patients on peritoneal dialysis 

might be expected to have ABD (Sherrard 1993).

Thus, even though the sample size is unhelpfiilly small (5 patients) it is again perhaps 

surprising, especially given the policy of aiming for normal range PTH levels, that 

none of the patients biopsied had ABD.
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Surrogate Markers.

The importance of PTH in relation to its effects upon bone turnover was highhghted, 

by the relationship between bone formation rate (BFR) and PTH levels prior to biopsy 

and also by the significantly different PTH levels seen in those with low compared to 

high turnover. These findings are consistent with previous work in adult pre-dialysis 

patients and in adult and paediatric patients on dialysis (Hutchison 1993; Salusky 

1994; Sherrard 1993). Of interest is that three of four patients with low turnover bone 

disease had PTH levels that were markedly (perhaps over) suppressed to less than the 

mid point of the normal range. In addition, three of four patients with high turnover 

disease secondary to hyperparathyroidism were in CRF, two with iPTH levels about 2 

(2-2.25) times ULN and the third with levels 1.7 times ULN. In these three patients 

CAP-PTH levels were between 1-2.1 times ULN. Taken together these data suggest 

that PTH levels greater than the mid-point of the normal range and less than 2 times 

ULN for iPTH or less than the ULN for CAP-PTH may be appropriate in children 

with CRF.

There were not enough data to comment on children on peritoneal dialysis.

The individual summaries illustrate that PTH levels often vary considerably within 

any one patient having opposing effects upon the skeleton that are reflected by, the 

often, quite disparate individual histological findings. In addition, it is apparent that 

the use of alfacalcidol has marked effects upon PTH levels and thus directly and 

indirectly is likely to influence bone histology.

The 1-84 PTH; C-PTH ratio had a median value just above the threshold that has 

previously been found to be useful in helping to determine the type of ROD (Monier-
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Faugere 2001) and was not significantly different between low and high turnover 

groups. Thus in this small sample of mixed, CRF and ESRF, paediatric patients the 1- 

84 PTH; C-PTH ratio was not useful in identifying particular levels of bone turnover. 

Although the only patient with features of normal bone turnover had normal CAP- 

PTH and iPTH levels and the highest ratio.

BALP levels increased with increasing PTH levels reflecting increased bone tiunover. 

The numbers are too small to determine whether BALP aids the non-invasive 

diagnosis of ROD, but the correlation with histology is weaker than the correlation of 

PTH levels with histology, thus it seems unlikely to offer any major advantages. 

Others have found that BALP as a sole marker is useful in haemodialysis patients and 

that in combination with iPTH provides an improved predictive value in the diagnosis 

of bone turnover (Urena 1999). It seems likely that the use of high dose steroids 

affected bone turnover post-transplantation and that this was reflected by the fall in 

BALP levels, which increased at a later date when steroid doses were lower.

The use of CTx and DEXA BMD appears to be insensitive at detecting and 

determining different types and severity of ROD. As previously reported CTx levels 

accumulate in CRF especially in dialysed patients (Urena 1999); a point highlighted 

by the patient who required haemodialysis and by the significant drop in CTx levels in 

patients post transplantation.

Studies of BMD in CRF are inconsistent (Boot 1998; Gerakis 2000; Pluskiewicz 

2002). The lack of any trends in the BMD SDS data may have been due to the small 

number of patients and/or confounding due to steroid prescription in a large minority 

(27 %) of patients. Additionally, the lack of any trends in the data may also reflect the
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relatively high proportion of patients with mixed ROD compared to other series. 

Whether the absence of efficacy in diagnosis is real or related to sampling differences, 

these data do not support the use of DEXA BMD as being an appropriate single time 

point investigation of ROD.
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6 Final Discussion and Conclusions

The following discussion brings together overlapping aspects from the different parts 

of this research and considers some of the broader future issues in light of the current 

findings. This is followed by conclusions.

6.1 Final Discussion

In both the first and second parts of this research, the retrospective case note analysis 

and the prospective longitudinal analysis, patients with CRF maintained a good 

grovrih velocity with PTH levels in the normal range or at the ULN. These two studies 

are not directly comparable as the first study involved patients in CRF with a GFR 

<41 mls/min/1.73m^ and the second study was not confined to conservatively 

managed CRF patients, including also patients on dialysis and transplant patients with 

deteriorating graft function. The conservatively managed patients in the first part of 

the study had more severe CRF (mean GFR 22 cf. 34 in second part), but the longer 

time course (mean patient inclusion time was 3.6 years) of this retrospective analysis 

demonstrated catch-up growth. Whilst those with CRF in the second part were only 

followed for about a year and during this time did not exhibit catch-up growth 

although they did grow more or less along a centile (AHt SDS= +0.02). During the 

period of the retrospective analysis several different PTH assays were used (IRMA 

and ICMA were both used). The second part of this research has shown that these 

assays perform very differently. Nevertheless, the unit policy of aiming for normal 

range PTH was achieved in the majority of patients.

Numbers of patients with supra-physiological PTH levels were small in the first part 

of the study but a larger number, around 40 patients, had PTH levels above the ULN
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(as measured by both IRMAs) in the second part; these patients did not grow as well 

as those with normal range PTH. This is in contrast to recently published data in a 

smaller (24) number of patients that demonstrated a relationship (dependent upon 

only a few patients) between raised PTH levels and growth (Schmitt 2003).

The relationship between the quantity of calcium based phosphate binder prescribed 

and serum calcium levels was demonstrated in both the retrospective and prospective 

parts of the study. Although the correlation was weak, and dependent upon those 

being prescribed the largest doses, it is of concern as there may be an association with 

calcium carbonate/acetate prescription and vascular calcification (Guerin 2000) and in 

particular coronary artery calcification (Goodman 2000), although the biological 

mechanism for such a relationship remains to be elucidated (Tomson 2003).

In neither study was the prescription of these binders related to growth.

Hypercalcaemic episodes occurred in a small proportion of patients in both the first 

and second parts of the study. The occurrence rate was about the same; one episode 

every 40 and 36 patient years of alfacalcidol therapy, respectively. These events 

responded to stopping or a reduction in therapy with no lasting effects upon renal 

fimction.

The calcium phosphate product, which, when raised above 55 mg^/dL^ in adults in 

ESRF, is associated with increased cardiovascular morbidity and mortality (Block 

2000). The overall summary values obtained in the first and second parts of the 

current research were 46.3 mg^/dL^ and 42.2 mg^/dL^, respectively, thus it is 

encouraging that, despite higher normal ranges for phosphate and to a lesser extent
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calcium in the paediatric population, the calcium phosphate products obtained were 

well below this level.

The use of artificial enteral feeding was also investigated in the first and second parts 

of the research. In both analyses the use of these NG or gastrostomy feeding tubes did 

not statistically improve growth although the trend was certainly for better growth in 

those fed in this manner. This lack of effect is probably due to the self-selection of 

this group of patients being those who were not growing well and those with die worst 

CRF and in the second part of the study included a disproportionate number of 

patients on peritoneal dialysis.

Data fi'om the second and third (bone biopsy) parts of this research did not support tlie 

use of DEXA BMD as an appropriate single time-point investigation of ROD. 

However, it might be that tliis safe, accurate and quick radiological investigation 

could be of use in the serial investigation of ROD, as it may demonstrate changes to 

bone mineral density in the growing skeleton; further longitudinal work is obviously 

needed.

In the discussion at the end of chapter 4, regarding the second part of the research, it 

was proposed that in patients with low turnover bone disease and PTH levels in the 

range 2-4 times the ULN that the ratio between agonist 1-84 and antagonist C-PTH 

(1-84 PTH: C-PTH ratio) would be low. None of the patients biopsied with PTH 

levels in this range had low turnover disease, but several had high turnover disease. In 

these patients iPTH levels were between 1.7 and 2.25 times the ULN and 1-84 PTH: 

C-PTH ratios were between 1 and 1.5, i.e. relatively low. Thus perhaps the ratio needs 

to be much lower, certainly less than 1, as demonstrated by Monier and colleagues
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(Monier-Faugere 2001), for a low turnover state to exist. On the other hand, these 

small number of data could reflect the inability of the 1-84 PTH: C-PTH ratio to 

detect low bone turnover as others have demonstrated (Coen 2002b).

These current data do not aid the debate over the usefulness of the 1-84 PTH: C-PTH 

ratio in the investigation of ROD; however, it is likely that the relative proportion of 

these PTH peptides will be one of several factors influencing both bone turnover and 

growth. Other uraemic toxins, such as OPG, and the use of vitamin D analogues, such 

as 1-a calcidol, are also likely to be important.

ROD is a complex variety of disrupted bone turnover resulting from the effects of the 

disordered balance of many interacting local and system factors. In children, ROD is 

further complicated by growth of the skeleton. In the adult population there is a high 

prevalence of other factors, such as diabetes and post menopausal osteoporosis, that 

also influence bone turnover; thus the extrapolation of adult data to the paediatric 

population is likely to be unreliable. Further research, designed to investigate the 

types of ROD and the various pathophysiological mechanisms implicated in children, 

is required. Such studies should also be aimed at the determination of reliable, 

sensitive and specific surrogate markers of bone turnover, in both CRF and ESRF 

paediatric patient groups.

The hyperphosphataemia-hypocalcaemia-hyperparathyroidism model of ROD is no 

longer adequate and has been expanded to include other aspects such as vitamin D 

deficiency and prescription and altered PTH metabolism (changes to the CaSR set- 

point and circulation of C-PTH) etc (Lee 1988). On the other hand, the phosphate- 

calcium-PTH axis is undergoing a renewed and intense research interest due to its 

relationship to cardiovascular disease. As therapy gets ever more complex, subtle but
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important differences are being demonstrated between similar medications (e.g. 

vitamin D analogues), not related to their direct and desired therapeutic effects in 

controlling the PTG and ROD but to cardiovascular mortality rates (Teng 2003). 

Thus, it is perhaps poignant to expand the following question asked by an author in a 

recent editorial in the New England Journal of Medicine (Drueke 2003);

‘Will aggressive management of calcium and phosphorus disturbances at their earliest 

stage prevent or attenuate the subsequent emergence of hyperparathyroidism and 

mitigate the associated excessive risk of cardiovascular events?’, to include the 

beneficial effects that this management may also have upon the development of ROD. 

Such questions as especially important to the paediatric population as they have a 

lifetime of CRF ahead of them.
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6.2 Conclusions

The title of this research poses a question.

What is the optimal range for parathyroid hormone levels that maximise growth 

and minimise renal osteodystrophy in children with chronic renal failure?

This research does not answer the question with any certainty. This may be to do 

partly with inadequate study design, but I beheve is mainly due to the fact that the 

question is too grandiose and too simplistic at the same time, or rather that the 

question should have been a different one.

The question is too grandiose because it would take a much longer research program 

to unravel the complexities of PTH in children with renal failure than the short 

amount of time that was available for this research. On the other hand the question is 

too simplistic because even asking. What is the PTH level? is complex. In addition, 

concentrating on the relationship between PTH levels and the skeleton, even if one 

considers 1-84 PTH and C-PTH, is naive because many of the therapeutic modalities 

used to control the parathyroid gland and manipulate PTH levels also affect the 

skeletal system.

However, it is suggested tliat the results from this work imply that PTH levels should 

be maintained between the mid point of the normal range and the ULN (as measured 

by CAP-IRMA), throughout tlie course of CRF and into ESRF. When PTH is 

measured with the ‘intactTRMA, as ESRF approaches it may be appropriate for PTH 

to be at the ULN. This can be achieved by strict phosphate control in the first 

instance, with the cautious use of alfacalcidol if required.
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• In children with CRF calcium, phosphate and PTH can be maintained within 

the normal range using dietary phosphate restriction, calcium based phosphate 

binders and small doses of alfacalcidol.

• Children with CRF and normal range PTH levels maintain a good growth 

velocity (at least along the centiles), which is superior to the growth of those 

with supraphysiological levels of PTH.

• In paediatric patients with CRF and ESRF ' intactTRMAs and ICMA 

overestimate 1-84 PTH levels, CAP-IRMA gives a more accurate assessment 

of levels.

• C-PTH levels rise (and the 1-84 PTH: C-PTH ratio falls) with worsening CRF 

and are highest (ratio is lowest) in patients on dialysis. For this reason the 

‘intactTRMAs are more inaccurate in patients on dialysis.

• C-PTH levels also rise (1-84 PTH: C-PTH ratio falls) with PTH levels outside 

the normal range.

• CAP-IRMA is the most appropriate assay to use as it provides the actual 1 -84 

PTH levels. To date there are insufficient data on which to base 

recommendations for CAP-PTH levels that minimise ROD. These data are 

eagerly awaited.
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• Improved growth is associated with a higher 1-84 PTH; C-PTH ratio.

• In severe CRF and ESRF disturbances to bone liistology are universal even 

with good PTG control.

• Patients requiring high doses of calcium based phosphate binders should be 

considered for either a change to or complimentary prescription of non

calcium based phosphate binders.
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7 Appendix

7.1 Paediatric Biochemical Reference Ranges

Haemoglobin

F r o m D a t e l k - 0 4 - m û N o r m a l R a n g e s F e m a l e T o  D a t e : o p e n e n d e d

M i n . A g e M a x .  A g e L o w e r R a n g e L o w  A u t h  L i m i t U p p e r  R a n g e U p  A u t h  L i m i t

1 . I O D ] E 2 D 3 C 1 3 . 5 3 E 1 3 . 5 3 E n . 5 3 E 1 ^ . 5 3

2 . [ D D 3 E 4 D 3 E 1 4 . 5 3 E 1 4 . 5 3 E B B . 5 3 E B B . 5 3

3 . I D D 3 E Ô D 3 E 1 3 .  S 3 E 1 3 . 5 3 E B 1 . 5 3 E 2 1 . 5 3

4 . [ D D 3 E B I D ! E I B . 5 3 E I B . 5 3 E B O . 5 3 E 2 0 . 5 3

S . I 0 D 3 E 3 5 D 1 E I D .  0 3 E 1 0 . 0 3 E 1 Û . 0 3 E 1 8 . 0 3

h . E Q D 3 E b 3 D 3 E 1 . 0 3 E 1 . 0 3 E 1 4 . 0 3 E 1 4 . 0 3

7 . C O M ] E I f l M J E I D . 0 3 E 1 0 . 0 3 E 1 3 . 5 3 E 1 3 . 5 3

fi. E 0 Y 3 E 3 Y 3 E I Q .  5 3 E 1 0 . 5 3 E 1 3 . 5 3 E 1 3 . 5 3

E Q Y 3 E 7 Y 3 E 1 1 . 5 3 E 1 1 . 5 3 E 1 4 . 5 3 E 1 4 .  5 3

I Q  ■ E Q Y 3 E 1 3 Y 3 E 1 1 . 5 3 E 1 1 . 5 3 E 1 5 . 5 3 E 1 5 . 5 3

r o m D a t e  • I L - O 4 - m f i N o r m a l R a n g e s M a l e T o  D a t e  :: o p e n  e n d e d

M i n . A g e M a X . A g e L o w e r  R a n g e L o w A u t h  L i m i t U p p e r R a n g e U p  A u t h L i m i t

1 . E 0 D 3 E B D 3 E 1 3 . 5 3 E 1 3 . 5 3 E n . . 5 3 E n . 5 3

B . E 0 D 3 E 4 D 3 E 1 4 . . S 3 E 1 4 . . 5 3 E 2 2 . . 5 3 E 2 2 . 5 3

3 . E 0 D 3 E Û D 3 E 1 3 . 5 3 E 1 3 . . 5 3 E 2 1 . 5 3 E 2 1 . 5 3

4 . E 0 D 3 E B 1 D 3 E I B . . 5 3 E I B . 5 3 E 2 0 . 5 3 E 2 0 . 5 3

5 . E 0 D 3 E 3 5 D 3 E 1 0 . 0 3 E 1 0 . 0 3 E I f l  .. 0 3 E I f l . 0 3

k  • E 0 D 3 E L 3 D 3 E 1 . . 0 3 E T . . 0 3 E 1 4 . 0 3 E 1 4 . 0 3

7  . E 0 M 3 E 1 Û M 3 E 1 0 . 0 3 E 1 0 0 3 E 1 3 . . 5 3 E 1 3 . . 5 3

f l . E 0 Y 3 E 3 Y 3 E 1 0 . 5 3 E 1 0 . . 5 3 E 1 3 . 5 3 E 1 3 . 5 3

E 0 Y 3 E 7 Y 3 E 1 1 . 5 3 E 1 1 . 5 3 E 1 4 . . 5 3 E 1 4 . 5 3

1 0 . E 0 Y 3 E 1 3 Y 3 E 1 1 . 5 3 E 1 1 . . 5 3 E 1 5 . 5 3 E 1 5 . 5 3
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Alkaline Phosphatase (ALP)

F r o m D a t e : a ^ - D 4 - 1 1 4 8 N o r m a l R a n g e s ' e m a l e T o  D a t e : o p e n  e n d e d

M i n . A g e M a x .  A g e L o w e r R a n g e L o w  A u t h L i m i t U p p e r  R a n g e U p  A u t h L i m i t

1 . [ D M 3 I  t . M 3 I L 5 3 [ 3 D 3 I  a t 5 3 I 5 D D 3

a . I b M 3 [  a 4 M 3 I 1 1 D 3 I 5 D 3 I  4 4 D 3 I 1 D D 3

3 . I a v 3 C 1 D Y 3 I 1 1 D 3 I 5 D 3 I  3 5 D 3 I 7 D D 3

4 . I 1 0 Y 3 I  1 A Y 3 I 1 1 D 3 I 5 D 3 C  4 4 D 3 I 1 D D 3

s . I 1 6 Y 3 [  1 D D Y 3 I 3 5 3 I a D 3 c  i a o 3 I 3 5 0 3

" o m D a t e  : a ^ - D 4 - 1 ^ 5 a N o r m a l  R a n g e s  M a l e T o  D a t e  : o p e n  e n d e d

M i n ■ A g e M a x .  A g e L o w e r R a n g e L o w  A u t h L i m i t U p p e r  R a n g e U p  A u t h L i m i t

1 . I D M 3 C  t M l I L 5 3 [ 3 0 3 I  a 0 5 3 I 5 0 0 3

a . I b M 3 I  a 4 M l I 1 1 D 3 I 5 D 3 I  4 4 D 3 I 1 0 0 3

3 . I a Y 3 C I D Y l I 1 1 D 3 I 5 D 3 I  3 5 D 3 I 7 0 0 3

4 . I 1 D Y 3 I  I f l Y l I 1 1 D 3 I 5 D 3 [  4 4 D 3 C 1 0 0 3

5 . I l f i Y 3 I  1 D D Y 3 I 3 5 3 I a o 3 I  i a o 3 I 3 5 0 3

Calcium

M i n .  A g e M a x .  A g e L o w e r R a n g e L o w A u t h  L i m i t U p p e r R a n g e U p  A u t h L i m i t

1 . C 0 D 3 I 1 4 D 3 C 3 . 4 1 3 I 3 . 0 3 I 3 . 7 7 3 I 3 . 8 3

a . I 1 4 D 3 I 1 8 3 D 3 I a . 3 7 3 I 3 . 0 3 I 3 . 7 4 3 I 3 . 8 3

3 . [ 1 8 3 D 3 I 3 7 3 D 3 I 3 . 3 4 3 I 3 . 0 3 I 3 . 7 1 3 I 3 . 8 3

4 . I 3 7 3 D 3 I 3 L 5 D 3 I 3 . 3 3 3 I 3 . 0 3 I 3 . L 1 3 I 3 . 8 3

5 . I 1 Y 3 [ 3 Y 3 I 3 . 3 0 3 I 3 . 0 3 I 3 . L 7 3 I 3 . 8 3

L . I 3 Y 3 I 4 Y 3 I 3 . 3 8 3 I 3 . 0 3 I 3 . L 4 3 I 3 . 8 3

7  . I 4 Y 3 I L Y 3 I 3 . 3 3 3 I 3 . 0 3 I 3 . L 0 3 I 3 . 8 3

8 . I L Y 3 I 1 D 0 Y 3 C 3 . 3 3 3 [ 3 . 0 3 I 3 . 5 8 3 I 3 . 8 3
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Creatinine

F r o m  D a t e 2 ^ - 0 4 - m a N o r m a l R a n g e s F e m a l e T o  D a t e : o p e n e n d e d

M i n .  A g e M a x .  A g e L o w e r R a n g e L o w  A u t h  L i m i t U p p e r  R a n g e U p  A u t h  L i m i t

1. I 0 D 3 I m D i I 0 1 I 1 0 1 I 7 1 1 I 1 0 7 1

5 . I mD3 I l f l 2 D 3 [ 0 1 I 1 0 3 I b l l I = i E 3

3 . I I f l S D J I 3 b S D 3 C 0 1 [ 1 0 1 C 5 3 1 I f l O l

M . I 1 Y 3 I E Y 3 [ 0 1 I 1 0 1 E 5 1 3 I f l O l

S . I E Y 3 I 4 Y 3 I 0 1 I 1 0 1 I 5 b 1 I f l 4 1

fc.. I 4 Y ] [ b Y 3 I 0 1 I 1 0 1 I b 5 1 I ^ f l l

I b Y D I f l Y 3 I 0 1 I 1 0 1 I 7 0 1 I 1 0 5 1

fl. I f l Y 3 I I D Y l I 0 1 I 1 0 1 I 7 4 1 I 1 1 0 1

I 1 0 Y 3 I 1 E Y 3 [ 0 1 I 1 0 1 I f l l l E 1 E 0 3

I D . I 1 5 Y 3 I 1 D G Y 3 I 0 1 I 1 0 1 I 1 0 E 1 E 1 5 0 1

F r o m  D a t e  : N o r m a l  R a n g e s  M a l e T o  D a t e  : o p e n  e n d e d

M i n .  A g e M a x .  A g e L o w e r R a n g e L o w  A u t h L i m i t U p p e r R a n g e U p  A u t h L i m i t

1 . E 0 D 1 E 1 4 D 1 E 0 1 E 1 0 1 E 7 1 1 E 1 0 7 3

E . E 1 4 D 1 E I f l E D I E 0 1 E 1 0 1 E b l l E 4 E 1

3 . E I f l E D I E 3 b 5 D 1 E 0 1 E 1 0 3 E 5 3 1 E f l O l

4 . E 1 Y 1 E E Y 1 E 0 1 E 1 0 1 E 5 1 1 E f l O l

5  . E E Y 1 E 4 Y 1 E 0 1 E 1 0 1 E 5 b 1 E f l 4 1

b . E 4 Y 1 E b Y 1 E 0 1 E 1 0 1 E b 5 1 E 4 0 1

7 . E b Y 1 E f l Y I E 0 1 E 1 0 1 E 7 0 3 E 1 0 0 1

fl. E f l Y I E 1 0 Y 3 E 0 1 E 1 0 1 E 7 4 1 E 1 0 0 1

4 . E 1 0 Y 3 E 1 E Y 1 E 0 1 E 1 0 1 E f l l l E 1 E 0 1

1 0 . E 1 E Y 1 E 1 D 0 Y 1 E 0 1 E 1 0 3 E 1 E 0 1 E I f l O l
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lonised Calcium

F r o m  D a t e  : I S - D t - m f l N o r m a l R a n g e s  F e m a l e T o  D a t e : o p e n  e n d e d

M i n .  A g e  M a x -  A g e L o w e r R a n g e L o w  A u t h  L i m i t U p p e r  R a n g e U p  A u t h L i m i t

1 .  I  O Y ]  I  E Y ] I I . I L ] I  l . l t ] I 1 . 4 S ] I 1 . 4 S ]

S .  [  E Y ]  I  S Y 3 I 1 . 1 7 ] I  1 . 1 7 ] I 1 . 3 5 ] I 1 . 3 5 ]

3 .  I  S Y l  I  1 S Y 3 1 I 1 . 1 8 ] [  1 . 1 8 ] I 1 . E 8 ] I 1 . E 8 ]

F r o m  D a t e  : I S - D t i - m f l N o r m a l  R a n g e s  M a l e T o D a t e  : o p e n  e n d e d

M i n .  A g e  M a x -  A g e L o w e r R a n g e L o w  A u t h  L i m i t U p p e r  R a n g e U p  A u t h L i m i t

1 .  I  D Y l  I  E Y ] [ l . l t ] C  I . I L ] I 1 . 4 S ] [ 1 . 4 S ]

E .  [  E Y ]  r  S Y l C 1 . 1 7 ] [  1 . 1 7 ] I 1 . 3 S ] I 1 . 3 S ]

3 .  I  5 Y ]  I  I S Y ] I 1 . 1 8 ] C 1 . 1 8 ] I 1 . E 8 ] I 1 . E 8 ]

Ionised Calcium (pH corrected)

F r o m  D a t e  : I S - D b - m f l N o r m a l R a n g e s  F e m a l e T o  D a t e : o p e n  e n d e d

M i n .  A g e  M a x .  A g e L o w e r R a n g e L o w  A u t h  L i m i t U p p e r  R a n g e U p  A u t h L i m i t

1 .  C  D Y ]  [  E Y ] [ 1 . 1 5 ] [  I . I S ] [ 1 . 4 1 ] [ 1 . 4 1 ]

E .  [  E Y ]  [  S Y ] I i.ni c i.n] [ 1 . 3 7 ] [ 1 . 3 7 ]

3 .  I  S Y ]  C  I S Y ] I l . E E ] C  l . E E ] I 1 . 3 1 ] I 1 . 3 1 ]

F r o m  D a t e  : I S - O b - m f l N o r m a l  R a n g e s  M a l e T o D a t e  : o p e n  e n d e d

M i n .  A g e  M a x .  A g e L o w e r R a n g e L o w  A u t h  L i m i t U p p e r  R a n g e U p  A u t h L i m i t

1 .  I  O Y ]  I  E Y ] [ I . I S ] I  I . I S ] C 1 . 4 1 ] [ 1 . 4 1 ]

E .  I  E Y ]  I  S Y l I i.ni I  1 . 1 1 ] [ 1 . 3 7 ] I 1 . 3 7 ]

3 .  C  S Y ]  I  I S Y ] [ l . E E ] I  l . E E ] I 1 . 3 1 ] I 1 . 3 1 ]
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Magnesium

F r o m  D a t e  : N o r m a l  R a n g e s  F e m a l e T o  D a t e  : o p e n  e n d e d

M i n .  A g e  M a x .  A g e  L o w e r  R a n g e  L o w  A u t h  L i m i t  U p p e r  R a n g e  U p  A u t h  L i m i t

1 .  [  O Y ]  [  1 Y ]  [  0 . 7 4 ]

2 .  I  T Y ]  I  l O D Y ]  I  0 . 7 3 ]

O.t.]
O.U]

1 . 0 0 ]

0.=M]
1 . 2 1

1 . 2 ]

F r o m  D a t e  : 2 1 - 0 4 - m f i N o r m a l  R a n g e s  M a l e T o  D a t e  : o p e n  e n d e d

M i n .  A g e  M a x .  A g e  L o w e r  R a n g e  L o w  A u t h  L i m i t  U p p e r  R a n g e  U p  A u t h  L i m i t

1 .  I  D Y ]  I  ^ Y ]  I  0 . 7 4 ]  I  O . b ]

2 .  I  T Y ]  I  l O O Y ]  C 0 . 7 3 ]  I  O . L l

1 . 0 0 ]

0.=M]
I  1 . 2 ]

I  1 . 2 ]

Phosphate

F r o m D a t e : 2 T - 0 4 - i n a N o r m a  1 R a n g e s F e m a l e T o  D a t e : o p e n  e n d e d

M i n . A g e M a x .  A g e L o w e r R a n g e L o w  A u t h L i m i t U p p e r  R a n g e U p  A u t h L i m i t

1 .  C O D ] C  l f l 2 D l C 1 . 2 ] C 0 . 7 ] C 2 . 1 ] C 2 . S J

2 .  I t . M ] [  2 4 M ] C 1 . 2 ] C 0 . 7 ] I l . T ] I 2 . S ]

3 .  I 2 Y ] C S Y ] C 1 . 2 T ] I 0 . 7 ] C 1 . 7 f l ] I 2 . 5 ]

4 .  I f l Y ] I  I L Y ] I 0 . ^ ] I 0 . 7 ] [ 1 . 3 6 ] I 2 . 0 ]

F r o m  D a t e  : 2 T - 0 4 - m f l N o r m a l  R a n g e s  M a l e T o  D a t e  : o p e n  e n d e d

M i n ■ A g e M a x .  A g e L o w e r R a n g e L o w A u t h  L i m i t U p p e r R a n g e U p  A u t h L i m i t

1 . I O D ] I 1 Ô 2 D ] I 1 . 2 ] I 0 . 7 ] I 2 . 1 ] E 2 . 5 ]

2 . I L M ] I 2 4 M ] I 1 . 2 ] I 0 . 7 ] E 1 . 1 ] E 2 . 5 ]

3 . I 2 Y ] [ f i Y ] I 1 . 2 1 ] I 0 . 7 ] E 1 . 7 8 ] E 2 . 5 ]

4 . I Ô Y ] E I L Y l C 0 . 8 3 ] t 0 . 7 ] E 1 - 4 1 ] E 2 . 0 1
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Urea

F r o m D a t e  : 2 1 - 0 4 - l l l B N o r m a l R a n g e s  F e m a l e T o D a t e  : o p e n  e n d e d

M i n . . A g e  M a x -  A g e L o w e r R a n g e L o w A u t h  L i m i t U p p e r R a n g e U p  A u t h L i m i t

1 .  I O Y J  E  2 Y ] I E 2 - S ] E 1 ] E 7 - 5 ] E 1 5 ]

2 .  t 2 Y 3  E  B Y ] E 3 - 3 ] E 1 ] E b - L ] E 1 5 ]

3 .  [ B Y ]  E  1 7 Y ] E 2 - B ] E 1 ] E b - 0 ] E 1 5 ]

F r o m  D a t e  : 2 ^ - 0 4 - 1 ^ 1 8 N o r m a l  R a n g e s M a l e T o D a t e  : o p e n  e n d e d

M i n . . A g e  M a x -  A g e L o w e r R a n g e L o w A u t h  L i m i t U p p e r R a n g e U p  A u t h L i m i t

1 .  I O Y ]  E  2 Y ] E 2 - 5 ] E 0 - 5 ] E 7 - 5 ] E 1 5 ]

2 .  E 2 Y ]  E  B Y ] E 3 . 3 ] E 0 - 5 ] E b - b ] E 1 5 ]

3 -  E B Y ]  E  1 7 Y ] E 2 - 3 ] E 0 . 5 ] E b - 7 ] E 1 5 ]
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7.2 Example of DEXA BMD Report
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7.3 Biopsy Needle
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