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ABSTRACT

In patients with chronic kidney disease (CKD), disordered mineral metabolism, deterioration
in bone quality and extra-skeletal calcification constitute the clinical syndrome known as
chronic kidney disease — mineral and bone disorder (CKD—MBD). Renal osteodystrophy (ROD)
is the skeletal component of CKD-MBD, and refers to abnormalities of bone turnover,
mineralisation, volume, linear growth or strength. The erosion of bone quality in CKD confers
an excess fracture risk through stages of CKD, is not attenuated by kidney transplantation and
can be associated with persistent hyperparathyroidism in kidney transplant recipients (KTRs).
The currently available tools in clinical practice have limited utility in evaluating ROD and add
to diagnostic and therapeutic uncertainty in this area. The mechanisms of bone loss after
transplantation and their relationship with changes in bone structure and markers of mineral
metabolism are poorly understood. Tackling these challenges requires an enhanced
understanding of the pathophysiology of ROD and development of tools for accurate

evaluation of renal bone disease.

The advent of high-resolution (HR) imaging and newer biomarkers has provided greater
insight and generated research interest in CKD-MBD. HR imaging studies of bone
microarchitecture have highlighted the contribution of cortical bone structure to overall bone
strength and its association with hyperparathyroidism and bone fragility in KTRs and patients
with CKD. HR magnetic resonance imaging (MRI) using customised processing techniques has

proven to be an excellent non-invasive tool for studying bone microarchitecture.



My research explored prevalent bone and mineral metabolism abnormalities and the role of
various contemporary imaging modalities, in particular MRI, in evaluation of ROD. Chapter 2,
a cross-sectional study of histological abnormalities of bone in a relatively young cohort of
potential KTRs, highlights severe deterioration of cortical microarchitecture but
predominantly normal trabecular parameters, reinforcing the importance of comprehensive
cortical bone evaluation in patients with CKD. Chapter 3 describes a proof-of-concept
evaluation of bone microarchitecture in patients with CKD using MRI with findings correlated
to those obtained by bone biopsy and other bone imaging techniques (Dual-energy X-ray
absorptiometry, DXA; peripheral quantitative computed tomography, pQCT; trabecular bone
score, TBS), to highlight advantages of MRI as a diagnostic tool in ROD. MRI demonstrated
significant and relevant associations with important bone biopsy and DXA parameters but
could not establish a reliable relationship with bone turnover. No associations were observed
with bone turnover markers. This study also underlined the inherent heterogeneity of bone
microarchitecture at differing skeletal sites and the pitfalls of assessing these and comparing
imaging modalities with vastly different resolutions and protocols. The study described in
Chapter 4 monitored changes in bone density and microarchitecture in KTRs over one year
after transplantation using MRI, DXA, pQCT and TBS and biomarkers. Trabecular bone
structure and connectivity deteriorated independent of changes in BMD but associated with
PTH levels, complemented by significant reduction in TBS. Unlike in other contemporary
studies, there was no progressive deterioration in cortical bone. Chapter 5 describes an
exploration of mineral metabolism and clinical outcomes after transplantation in a large
cohort of KTRs, focusing on the impact of discontinuation of cinacalcet on these parameters.
Persistent post-transplantation hyperparathyroidism and hypercalcaemia, consistent with

available data, was demonstrated, but the clinical significance of these mineral metabolism



markers was unclear. Historically, aluminium deposition in bone was recognised as a major
cause of adynamic bone disease but is now less relevant due to increasingly rare use and
phasing out of aluminium-containing phosphate binders in clinical practice. However, many
centres continue to routinely screen dialysis patients for aluminium levels. The study in
Chapter 6 examined the utility of routine testing of serum aluminium levels in the
haemodialysis population in our centre via a retrospective audit of tests performed on 755
patients over four years. Only 0.5% of 2058 test results matched criteria for toxic aluminium
levels, with no evidence of clinical toxicity and progressive reduction in the proportion of
elevated aluminium levels over the years. This led to cessation of routine testing of aluminium

levels in our dialysis unit.

In conclusion, clinical studies presented in this thesis add to the increasing body of literature
about the bone abnormalities prevalent in CKD and highlight the novel use of MRI in assessing
bone quality in CKD and in KTRs. Overall, non-invasive HR imaging, particularly MRI, has the
potential to close the vast gap between screening of BMD using DXA and comprehensive
diagnosis by bone biopsy. This needs validation in large trials with hard clinical endpoints and
should be viewed in the context of a plethora of technical caveats and issues of high cost and
availability. The utility of MRI (and other HR imaging) would be enhanced by more accurate
and reliable non-invasive markers of bone turnover and mineralisation. These challenges are
significant, but not insurmountable. A coordinated, multidisciplinary, patient-focused effort
is needed from the nephrology research community to address the unmet needs of patients

with ROD and CKD-MBD.
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PREFACE

The author performed the work described in this thesis except where due credit is given.

Collaborators’ contributions are detailed below.

Chapters 2 and 3 — Bone Histomorphometry and micro-CT

The studies described in these chapters required undertaking iliac crest bone biopsies and
their assessment using both conventional histomorphometry and micro-CT-based evaluation
of bone microarchitecture. Professor Stephen Holt and Dr Emma Tully (The Royal Melbourne
Hospital) performed the biopsies; Professor Grahame Elder, Dr Paul Baldock and Ms Sindhu
Mohanty (Osteoporosis and Bone Biology Division, Garvan Institute of Medical Research)

undertook and reported the histomorphometry assessments.

Chapters 2 and 4 — MRI distal tibia

The MRI scans described in these chapters were performed at The Royal Melbourne Hospital
as per protocol. The acquired images were then processed, analysed and reported by A/Prof
Chamith Rajapakse and his team at the Departments of Radiology and Orthopaedic Surgery,

University of Pennsylvania, PA, USA. Ms Susan Harvey performed the DXA and pQCT scans.

Publications

This thesis includes seven original papers published in peer-reviewed journals. My principal
supervisor completed a “Declaration for a thesis with publication” form, and my co-authors
completed Co-author authorisation forms that have been submitted separately online. Copies

of the original publications are included in the Appendix. This thesis contains no material that
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has been accepted for the award of any other degree or diploma at any university or

equivalent institution.

The publication status of each manuscript included within this thesis is listed in the following

table. Each manuscript contains individual reference sections and journal page numbers,

which have not been reformatted for this thesis.
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Publication
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Candidate’s
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Chronic kidney disease — mineral and bone disorder and renal osteodystrophy

Chronic kidney disease (CKD) is a public health problem affecting 10-15% of the global
population, and is associated with adverse outcomes including progressive loss of kidney
function, disorders of mineral metabolism, fractures, cardiovascular disease and reduced life
expectancy [1-8]. Although estimates of CKD prevalence vary between countries, the

prevalence and associated burden of CKD is rising worldwide [9].

In people with normal kidney function, the interaction of parathyroid hormone (PTH), 1,25-
dihydroxyvitamin D (calcitriol), and fibroblast growth factor 23 (FGF-23) and their actions on
bone, kidney, intestine and parathyroid glands are responsible for maintaining normal serum
calcium and phosphate levels. The kidneys have a central role in regulation of these hormones
and calcium and phosphate homeostasis. Early deterioration in kidney function is
accompanied by decrease in renal synthesis of 1,25-dihydroxyvitamin D and characteristic
compensatory increase in FGF-23 and PTH levels to maintain normal calcium and phosphate
levels. Progression of kidney disease and a further decrease in glomerular filtration rate (GFR)
results in an overwhelming of these compensatory mechanisms and disruption of bone and
mineral metabolism. The resultant abnormalities in bone turnover, mineralisation and
volume [10, 11] deleteriously affect all levels of bone structure and material hierarchy,
collectively referred to as bone quality [12-14]. This deterioration in bone quality culminates
in compromised bone strength and greater susceptibility to fracture [14, 15], a common and
serious clinical outcome of CKD. Moreover, mineral and bone abnormalities in CKD are
associated with significant extra-skeletal calcification and increased burden of cardiovascular

disease [16]. The altered biochemical milieu due to disordered mineral metabolism,



deterioration in bone quality and extra-skeletal calcification constitute the clinical syndrome
known as chronic kidney disease — mineral and bone disorder (CKD-MBD) [17]. Renal
osteodystrophy (ROD), as currently defined, is the skeletal component of CKD—-MBD and
refers to abnormalities of bone turnover, mineralisation, volume, linear growth, or strength

encountered in CKD [18].

Evolution of renal osteodystrophy — from bystander to central player?

The earliest known accounts of bone disease associated with CKD date from 1883, when
Clement Lucas described “rickets of adolescents” in a case series of adolescents presenting
with clinical features consistent with rickets and albuminuria [19]. This was ascribed to
malnutrition and “defective diet”. Von Recklinghausen, a German pathologist, made a more
robust association of bone disorder with CKD in 1890, describing osteitis fibrosis cystica and
osteomalacia in hyperparathyroidism [20, 21]. Subsequently, in the first quarter of the
twentieth century, various researchers described cases of rickets attributed to renal
insufficiency, interstitial nephritis or hyperparathyroidism [22-24].1n 1942, S H Liuand H | Chu
proposed “renal osteodystrophy” as a “suitable generic name for osseous disorders
simulating rickets, osteomalacia or osteitis fibrosis cystica, but originating from chronic renal
insufficiency”, conceding that the “exact nature of the pathological process in the skeleton is
still undetermined” [25, 26]. They described abnormal calcium and phosphate balance in five
patients with varying degrees of CKD. In these patients, hypocalcaemia and phosphate
retention was unresponsive to treatment with vitamin D but responded favourably to
dihydrotachysterol, a synthetic vitamin D analogue. They also noted a decrease in phosphate

following iron intake (prescribed for anaemia) in a pregnant woman.



During the 1950s and earlier, bone changes related to CKD were mostly attributed to
secondary hyperparathyroidism (SHPT), deranged calcium and phosphate metabolism and
defective production of vitamin D by the kidney. The corresponding bone abnormalities were
noted to be osteitis fibrosa related to secondary hyperparathyroidism and defective
mineralisation or osteomalacia [27-29], the latter thought to occur earlier in the course of
CKD. In the second half of the twentieth century, the discovery and use of tetracycline as a
bone marker to define dynamic bone formation [30, 31] was another important development,

sparking further interest and providing more insight into the pathophysiology of ROD.

With the advent of dialysis in 1960 [32-34] and resultant improved life expectancy of patients
with CKD, there came increased recognition of bone abnormalities. In 1966, Pendras and
Erikson published a comprehensive account of their clinical experience with a cohort of 22
patients on haemodialysis [35]. Notably, nine of 19 patients (three patients died) had ROD
characterised by elevated alkaline phosphatase (ALP), bone tenderness, rib fractures and, in
one case, fracture of the hip. Moreover, response to therapy with vitamin D in these patients
was unpredictable. Johnson et al. reported gross skeletal and soft tissue radiological
manifestations of CKD in a series of 33 patients undergoing “periodic haemodialysis” for up
to 15-36 hours per week [36]. The lesions included those related to bone resorption or
“hypomineralisation” and frequently soft tissue calcification, with partial reversibility seen in
the latter with the use of phosphate binders. In 1971, calcitriol was identified as the
physiologically active metabolite of vitamin D [37] synthesised in the kidney, and was used
successfully to reverse histological manifestations of hyperparathyroidism [38]. The

prevailing heterogeneity of bone abnormalities during this period was further underlined by



histomorphometric findings of a mixture of features of osteoclastic resorption and

osteomalacia (mixed uraemic osteodystrophy) [39].

Another significant bone abnormality identified in the 1970s was related to aluminium
toxicity due to contamination of the dialysate water and heavy use of aluminium-based
phosphate binders. This was also associated with the finding of dialysis encephalopathy
syndrome [40-42]. Bone abnormalities due to aluminium manifested in the form of
osteomalacia, which was unresponsive to calcitriol therapy [43]. This was noted to occur
either in the presence of stainable aluminium in the bone or just as a low bone turnover
condition without significant aluminium staining, the latter defined as adynamic bone disease
[44]. Over the subsequent decade the incidence of aluminum bone disease significantly
decreased, due to improved dialysis water purification and the decline in prescription of
aluminium-based phosphate binders to patients with CKD. Since the era of aluminum toxicity,
histomorphometric studies in ROD demonstrated a consistent trend of increasing proportion
of low-turnover bone disease and a decrease in mineralisation abnormalities in CKD patients
[45-48], in contrast to the predominance of hyperparathyroidism-related osteitis fibrosa in
earlier decades. There has also been an increase in understanding of bone changes
corresponding to different stages of CKD, and low-turnover bone disease has been shown to
occur in earlier stages of CKD prior to progression to end-stage kidney disease (ESKD) [48-50].
Over the vyears, several systems have been proposed to classify the various bone
abnormalities but were limited by the uniquely complex pathophysiology and inherent
heterogeneity of ROD and the difficulty in extrapolating the classification to clinical practice.
The more commonly used of these histological classifications was Sherrard’s, in 1993, which

divided renal bone disorders into mild, osteitis fibrosa, mixed, osteomalacia, and aplastic or



adynamic bone disease [51]. ROD in the current era is classified by quantifiable
histomorphometric parameters of turnover, mineralisation and volume (TMV) following a

standardised nomenclature for static and dynamic measurements [18, 52].

Traditionally, “renal osteodystrophy” was used as an umbrella term to non-uniformly
describe skeletal phenotypes, histological findings and abnormalities of mineral metabolism
associated with bone disease. The constellation of bone, mineral, and cardiovascular
disorders recognised to be highly prevalent in the setting of CKD is now better encapsulated
in the more contemporary designation of CKD—-MBD, with ROD referring to its skeletal
component [17]. Nevertheless, over the last two decades, the perception of ROD has evolved
to include strong epidemiological links between bone metabolism and vascular calcification
and a substantially increased risk of cardiovascular morbidity and mortality associated with
CKD [7, 16, 53-55]. There is increasing evidence that this is mediated in part by bone-derived
substances like FGF-23, Wnt inhibitors (sclerostin and DKK1), osteoprotegerin, osteocalcin
and bone morphogenic protein which have distant effects in the setting of CKD [56-60]. This
has led to a growing conceptual shift about the role of the skeleton in CKD — from being
passively affected by metabolic derangement in CKD to an active inducer or mediator of
cardiovascular pathology [53, 59], in addition to the well-known increase in fracture risk with
declining GFR in people with CKD [61, 62]. While causality between bone abnormalities and
vascular calcification and subsequent cardiovascular outcomes in CKD remains to be firmly

established [63], ROD is no longer a mere bystander.



Renal bone disease — why should we care?

Disruption of bone and mineral metabolism and altered biochemical milieu invariably causes
erosion in bone quality in patients with CKD. The accumulation of CKD-related bone fragility
is likely additive to the traditional risk factors for fractures in the general population. This is
reflected in numerous epidemiological studies describing an increased prevalence of
fractures in patients with CKD compared to age and gender-matched individuals in the
general population [3, 61, 62, 64-66]. The overall risk of sustaining a hip fracture in patients
on dialysis is 4-17 times higher than among their age and gender-matched counterparts in
the general population [64, 65, 67]. The fracture risk increases in a graded manner with
decreasing GFR, while being higher in all stages of CKD than in the general population,
independent of traditional risk factors for fracture [61, 62, 68-72]. In elderly patients treated
for osteoporosis, creatinine clearance of less than 65 ml/min is an independent risk factor for
falls (odds ratio [OR] 1.69) as well as hip (OR 1.57), radial (OR 1.79) and vertebral (OR 1.31)
fractures, compared to individuals with creatinine clearance of equal to or more than 65
ml/min [68]. Demographic risk factors for fractures among patients with CKD include
increasing age, female gender, Caucasian race, duration of dialysis, diabetes, low body mass,
prior kidney transplant and narcotic and psychoactive medications [65, 73, 74]. Higher
frequency of fractures in individuals with CKD is also associated with increased adverse
outcomes following the fracture. In patients with CKD who sustain fractures, incidence of
hospitalisation, morbidity and mortality related to fractures is demonstrably higher than in
those without CKD [3, 65, 75-77]. This risk remains significant and is only partially attenuated
in competing risk analysis taking excess mortality in CKD into account and adjusting for other
likely confounders [78]. Several recent studies of contemporary fracture epidemiology have

noted declining rates of hip fracture and associated mortality among dialysis patients since



2003-05 [75, 79-81]. Although these reports are encouraging, the contemporary rates of hip
fractures remain high compared to those in the early 1990s and are still many-fold higher

than those in the general population [75, 79].

Kidney transplantation is the optimal treatment for ESKD but does not attenuate
susceptibility to fracture. Indeed, fracture risk has been reported at up to 34% higher in the
first two years post-transplantation than in the preceding period on dialysis [82], with a
fracture incidence up to 22.5% over the first five years post-transplantation [83]. In addition,
kidney transplant recipients (KTRs) have higher rates of hospitalisation and mortality after
fracture than people in the general population [84]. Although reductions in bone mineral
density (BMD) after transplantation have been reported extensively, there is a paucity of post-
transplant data regarding modifiable risk factors for fracture [85]. Disorders of mineral
metabolism, known associates of increased morbidity and mortality in patients with advanced
kidney disease [86, 87], also contribute to post-transplantation bone disease. Successful renal
transplantation improves calcitriol synthesis with a trend towards normalisation of calcium
and phosphate levels, but hyperparathyroidism can persist in up to 50% of renal transplant
recipients at one year after transplantation [88, 89]. Hyperparathyroidism and hypercalcemia
post-transplantation have been associated with poorer graft outcomes [90, 91], soft tissue

and vascular calcification [92], and increased incidence of fractures [93].

Post-transplant bone disease is multifactorial, and includes effects of immunosuppressive
therapy, changes in mineral metabolism and the consequences of post-transplant impairment
of renal function superimposed on pre-existing ROD [94]. The diagnosis and management of

post-transplant bone disease is therefore difficult, with limited validation of available



diagnostic tools to evaluate changes in bone structure or predict fracture risk. Although
accelerated loss of BMD in the first year after transplantation has been described as the
hallmark of post-transplant bone disease [95-97], recent studies have demonstrated a more
conservative estimate of early BMD loss, with long-term values nearer to average for age and
gender [98]. The focus of contemporary research has been on change in bone
microarchitecture post-kidney transplantation and its relationship to bone fragility and
biomarkers [99-103]. A few studies based on histomorphometry have addressed this issue
[103-106], and more recently, studies involving non-invasive imaging, such as high-resolution
peripheral quantitative computed tomography (HR-pQCT) [100], high-resolution magnetic
resonance imaging (MRI) [99, 107] and the Trabecular Bone Score (TBS) [108-111], have
focused on defining changes in bone microarchitecture. These are welcome steps in the right
direction, but there is a need for further, larger studies given the magnitude of the problem

and its potentially devastating consequences.

Evaluating renal osteodystrophy in current clinical practice

Chronic kidney disease affects the entire hierarchical structure of bone, with a varying extent
and combination of abnormalities in bone remodelling, collagen crosslinking and
mineralisation. The uniqueness and complexity of ROD and its significant additive effect on
fracture risk associated with normal ageing underline the need for validated approaches to
fracture risk stratification and appropriate prevention and management strategies in patients
with CKD. This requires an enhanced understanding of pathophysiology of ROD, its
relationship to fracture risk, and development of tools for accurate evaluation and screening
of renal bone disease. The currently available tools in routine clinical practice of nephrology

include BMD measurement with dual-energy X-ray absorptiometry (DXA), using biomarkers



like PTH, ALP or bone turnover markers, and histomorphometric analysis of iliac crest bone

biopsies.

Bone mineral density and dual-energy X-ray absorptiometry

In patients without CKD, osteoporotic fractures are a significant cause of morbidity and
mortality [112, 113] and areal BMD (aBMD) is a strong predictor of fracture risk [114].
However, the utility of aBMD measurement in patients with advanced CKD remains unproven
and is controversial. DXA is the most widely used, inexpensive, noninvasive screening
technique for evaluating BMD with low radiation exposure. Cross-sectional studies assessing
the ability of DXA-derived aBMD to discriminate between CKD patients with and without
fracture have mostly provided inconsistent results [115-123], and BMD measurement in CKD
4-5 for assessing ROD has not been considered useful in the past [17]. More recent
longitudinal studies have reported that low DXA-measured BMD is predictive of future
fracture risk in patients with CKD stages 3—5 [124-127]. These results have prompted a revised
Kidney Disease Improving Global Outcomes (KDIGO) guideline recommendation to include
BMD measurement to assess fracture risk in patients with CKD 3-5D with evidence of CKD-

MBD and/or risk factors for osteoporosis if results will influence treatment decisions [128].

Notwithstanding the recent encouraging results for utility of BMD measurements, DXA has
several technical limitations when used in the CKD cohort. Areal BMD measurement is unable
to distinguish individual trabecular or cortical BMD, which is a significant potential
confounder in ROD, given the differential effects of secondary hyperparathyroidism with
cortical thinning but relatively preserved trabecular bone mass. Additionally, measurements

may be skewed by degenerative bone changes in the spine and extra-skeletal calcification,
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especially in the aorta, which can overestimate the spinal bone density score [129]. Lastly,
although BMD is an estimate of bone mass, it provides no information about other
determinants of bone quality or turnover, which are also significant contributors to bone

fragility in CKD.

Bone biomarkers in chronic kidney disease

Bone turnover is an important determinant of bone quality. Both low and high-turnover bone
disease are prevalent in patients with CKD [47, 130] and may cause deterioration in bone
quality [131]. The availability and development of reliable and accurate biomarkers to non-
invasively diagnose extremes of bone turnover, therefore, has an important role in the

diagnosis of ROD.

Parathyroid hormone is the most commonly used surrogate marker of bone turnover in the
clinical assessment of patients with CKD. Both very low and very high PTH levels correlate
with bone turnover consistent with bone histomorphometry [130], but between these
extremes the predictive value is weak. Racial differences [47] and hyporesponsiveness of
bone to PTH also influence the predictive ability of PTH to define bone turnover status. Adding
to the confounding effects of the above, there is significant biologic variation of PTH in
patients with CKD, with studies reporting high intraindividual coefficients of variance (CV) for
PTH and other biomarkers [132, 133]. Despite these limitations of PTH as a marker of bone
turnover, histomorphometry studies exploring the efficacy of bone biomarkers in predicting
bone turnover have yet to provide a superior replacement. Bone-specific alkaline
phosphatase (bALP), an ectoenzyme of osteoblast, is essential for the mineralisation of

osteoid and has shown promise as a marker of turnover or bone formation. One of the largest
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bone biopsy studies conducted in dialysis patients found that PTH and bALP levels (or
combinations thereof) allowed discrimination of low from non-low and high from non-high
turnover, with an area under the receiver operating characteristic (ROC) curve more than 0.70

but less than 0.80 [130].

Other markers of bone turnover can be broadly categorised into markers of bone formation
and bone resorption. Osteocalcin and procollagen type 1 N-terminal propeptide (P1NP) are
markers of osteoblast function and bone formation. Bone resorption markers include
tartrate-resistant acid phosphatase 5b (TRAP5b) and N and C-terminal telopeptides of type |
collagen (NTX and CTX) for monitoring osteoclast number and function respectively. However,
these serum markers are not widely used clinically because of analytical and biological
variability, and in patients with CKD, variable renal clearances and undefined reference ranges
(e.g. osteocalcin, CTX and P1NP) make these markers difficult to interpret. Despite this, and
partly owing to their independence from kidney function, bALP, TRAP5b and PINP (trimeric)
have emerged as potentially useful markers of bone turnover, and further studies are needed

to explore and validate their use.

The last decade has also witnessed an increase in studies using high-resolution imaging
modalities to assess bone microarchitecture in CKD. A by-product of these studies is the
emerging potential of bone biomarkers to aid in assessment of ROD and to play a role in
fracture risk stratification of CKD patients in combination with these techniques. Some cross-
sectional and prospective imaging studies in CKD and KTRs have noted strong associations
between levels of bone turnover markers and changes in bone mass and architecture which

are potentially useful in determining prevalent fractures, predicting bone loss and fracture
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risk [100, 124, 134-137]. In a prospective study involving 485 patients on haemodialysis, limori
etal. [124] reported a higher fracture risk with higher bALP, and both low and high PTH levels,
as well as low hip BMD. In another study including 143 consecutive KTRs, PTH greater than
130pg/ml at three months after transplantation was an independent predictor of new
fractures in the five years post-transplantation [93]. In contrast, other imaging studies have
shown inconsistent, absent or only weak correlations between biomarkers and bone

microarchitecture [138-140].

Novel circulating biomarkers of bone function include FGF-23 and the Wnt inhibitors
(sclerostin and dickkopfl [dkk-1]). In a prospective trial of patients on haemodialysis, baseline
levels of FGF-23 predicted changes in aBMD at the spine and baseline TRAP5b, with sclerostin
predicting loss of total vBMD at the hip as measured by quantitative computed tomography
(QCT) [134] . In a cross-sectional study of bone histomorphometry in 60 dialysis patients, low
sclerostin levels were found to predict high bone turnover better than PTH in adjusted
analyses [141]. Low PTH levels, however, were more predictive of low bone turnover. Serum
levels of dkk-1 did not correlate with PTH or any histomorphometric parameter. These novel

markers display promise but need further development and exploration in larger trials.

Bone biopsy

Bone biopsy is typically performed at the iliac crest after double tetracycline labelling to allow
assessment of bone formation rate over time [142, 143], and is currently the only test capable
of accurately distinguishing between high, normal and low bone turnover, and of defining
mineralisation abnormalities. Histomorphometric analysis of bone biopsy yields information

about its structure, static and dynamic formation parameters and mineralisation status, thus
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providing the most detailed information about the bone. The complexity of ROD, combined
with the limited utility of available diagnostic modalities as stand-alone screening tools for
ROD, has put the onus of a definitive diagnosis on bone biopsy. However, bone biopsy and its

analysis have their own set of caveats.

Bone biopsy is invasive, requires expertise to perform, process and interpret, and is rarely
performed routinely in clinical nephrology practice. Biopsy is performed on the iliac crest
because it is a safe and convenient anatomic location. However, the iliac crest is not weight
bearing, has a thinner cortex than bones in the axial skeleton, and the trabecular bone in the
iliac crest has higher bone turnover. Therefore, histomorphometric analysis of biopsies
performed at the iliac crest may not be representative of the whole skeleton [144], in
particular of the more fracture-prone, load-bearing bones. In fact, even at the iliac crest,
contiguous bone biopsies in the same patient with ROD have been reported to show up to
24% variability in trabecular bone parameters [145]. Recent studies have also reported
variability in cortical bone architecture at various sites [146]. Although histomorphometry
studies in patients with CKD have described skeletal microstructural and mechanical
abnormalities, the few studies designed to examine links between bone histology and
fracture have provided mixed results [147, 148]. Despite these shortcomings, bone biopsy
captures a comprehensive snapshot of bone microarchitecture, turnover and mineralisation

and continues to be the gold standard for the diagnosis of ROD.

Application of high-resolution imaging in renal osteodystrophy
Over the last two decades, the emergence of bone quality as the determinant of bone

strength and the need to look beyond BMD for factors contributing to fracture risk has led to
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the development and improvement of non-invasive imaging methods for assessing bone
microarchitecture. Bone microarchitecture is an important component of bone strength, and
methods to assess it may not only improve estimates of bone strength and fracture prediction
but enable clarification of the pathophysiology of — and monitoring of response to therapy in

—ROD [12, 149].

Nuts and bolts of high-resolution imaging

Bone trabeculae measure 50-400 um in thickness [150]; therefore, any imaging system
applied to in vivo non-invasive imaging of bone structure requires a high enough spatial
resolution in this range. High-resolution (HR) imaging enables imaging of trabecular and
cortical bone micro-structure. Currently used in vivo HR imaging modalities — HR-pQCT and
HR-MRI — measure and quantify cortical and trabecular geometry, microarchitecture and
strength [151-153]. The structural parameters obtained by HR imaging include trabecular
thickness, separation and number. Topological analysis of trabeculae (rod and plates) can also
be performed and their connectivity assessed. In addition, cortical bone thickness and
porosity can be estimated. The structural parameters measured by both these modalities
have been validated against the reference standard measurements of bone structure
obtained by micro-computed tomography in ex vivo and in vivo studies [154-157]. The
description of these parameters follows the same nomenclature as classical bone
histomorphometry, which — along with the potential of such imaging to revolutionise
assessment of bone microarchitecture — led some clinicians to refer to the process as a

“virtual bone biopsy” [158, 159].
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Finite element modelling is an established method applied in engineering which can add to
the information obtained by HR imaging through the extraction of information regarding
biomechanical properties of bone. Finite element analysis (FEA), a computer-based
simulation of stresses and strains induced by the mechanical loading of a structure, can be
applied to three-dimensional HR-pQCT and MRI data to measure the strength of whole bone
or its compartments [160]. In addition to correlating bone strength with its microarchitecture,
bone mechanical properties assessed by FEA may provide information about skeletal fragility
and fracture risk independent of BMD or architecture measurements, and represents another

potential method of assessing bone vulnerability [161].

High-resolution peripheral quantitative computed tomography

Quantitative CT has a resolution of approximately 300 um and can be applied to central
skeletal sites (hip, spine) on whole-body CT scanners and peripheral sites (radius, tibia) using
dedicated smaller scanners manufactured for this purpose. QCT can discriminate bone into
cortical and trabecular compartments, providing separate measurements of total and
compartmental volumetric BMD (vBMD) and cortical thickness and area [162]. Peripheral
QCT, with lower radiation exposure than central QCT, has been more commonly used in
studies involving the ESKD population. HR-pQCT, owing to a significantly higher resolution and
increased versatility, represents a significant advancement over pQCT and has become the

preferred tool to quantify bone microarchitecture in research over the last decade.

HR-pQCT uses a dedicated extremity scanner currently available from a single manufacturer
(XtremeCT; Scanco Medical AG, Brittisellen, Switzerland) to measure total, cortical or

trabecular vBMD and bone structure parameters from ultra-distal radius or distal tibia using
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the endplate as the reference. The region of interest (ROI) spans 9.02 mm and is located 9.5
mm and 22.5 mm proximally from the endplates of the radius and tibia respectively. The
image contrast is generated by the attenuation of X-rays by mineralised tissues, with 110
consecutive slices acquired in a scan time of three minutes with an isotropic voxel size of 60
to 82 um [152, 163]. This entails an effective patient radiation exposure of less than 5 uSv,
which is comparable to DXA and several orders of magnitude lower than a standard clinical
CT [164]. Image analysis and post-processing is carried out using the manufacturer’s standard
protocol. The algorithm includes semiautomatic contouring of the periosteal perimeter by the
operator, followed by an automated segmentation into cortical and trabecular compartments
by a “thresholding” technique and subsequent morphometric and densitometric analysis. A
hydroxyapatite calibration phantom provided is used to independently determine
compartment-specific vBMD by converting attenuation values of tomographic images to
hydroxyapatite mineral densities [152]. HR-pQCT is an accurate method for bone image
acquisition and analysis, with high reproducibility [152, 165, 166] for measuring vBMD (root
mean square CV <1%) and morphometric parameters (CV 0.9-5%), but has technical
limitations that need to be considered when interpreting results. High frequency of motion
artefacts, limitation in identifying the “transitional or cortico-trabecular zone” of the bone
[167, 168], issues with having a fixed ROl in growing children or when comparing individuals
of different races, ages or gender, and accurate image registration in longitudinal studies are
some potential pitfalls associated with this method [153]. Currently, HR-pQCT scans are
limited to peripheral sites, although second generation scanners (XtremeCT Il; Scanco Medical

AG, Briittisellen, Switzerland) potentially allow for in vivo measurements of the knee [169] .
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Magnetic resonance imaging

Mechanisms of image generation in HR-MRI and CT differ completely. MRI is a noninvasive
imaging technique that does not require the use of ionising radiation and is therefore well
suited both for clinical screening and scientific studies. MRI utilises the inherent magnetic spin
of the hydrogen protons (free hydrogen in water) in the tissues by subjecting them to a strong
magnetic field and specialized sequences of radiofrequency (RF) pulses to generate three-
dimensional (3D) images of bone structure. In MRI, bone appears dark due to its relatively
low water content, and is therefore depicted with a negative contrast against the intense
background signal emanating from the bone marrow and surrounding soft tissues. HR-MRI is
performed using clinical scanners and customised pulse sequences, coils and post-processing
software, achieving a spatial resolution of 150-300 um. This involves a complex cascade of
steps, generally including customised RF sequences, ROl selection, image acquisition and
registration, correction of motion artefacts, and image processing including bone/marrow
segmentation and structural analysis, yielding trabecular and cortical bone parameters [151,
152]. Like HR-pQCT, the 3D MRI data can be subjected to FEA to estimate the mechanical
competence of the bone and its interrelationship with structural measurements [99, 170].
Most MRI studies have successfully used similar processes for bone imaging with reproducible

results [171], albeit with significant heterogeneity in the techniques used.

Magnetic resonance imaging of bone architecture has proven technically challenging to
execute, optimise and standardise, despite the wide availability of MRI scanners in clinical
practice. Marrow heterogeneity, propensity for the bone/marrow interface to generate
artefacts, achievable signal-to-noise ratio (SNR) while striving for high spatial resolution, and

the dependence on sophisticated post-processing have limited the use of MRI largely to
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peripheral skeletal sites (distal radius, distal tibia, calcaneus). The increased availability of
high-field MRI and significant progress in pulse sequence and coil development and
processing and analysis techniques have overcome these limitations to a great extent [155-
157]. Bone microarchitecture of the proximal femur, a site of high fracture incidence in CKD,
is technically challenging to assess both by HR-pQCT (potentially higher radiation exposure)
and MRI (the deep-seated site causing SNR limitation and signal attenuation by surrounding
tissues). However, studies in recent years have demonstrated the feasibility of assessing both
trabecular and cortical microarchitecture of the proximal femur [172-174] and linking it to
bone strength parameters [175]. In a study published in 2017, Rajapakse et al. described a
reproducible FEA method using MRI to estimate mechanical parameters that relate to hip
fracture resistance [176]. This method is an attractive future proposition, and particularly
relevant to a population with advanced CKD and high rates of hip fractures [61, 62, 65, 67,
76]. Lastly, MRI using ultrashort-echo-time imaging techniques has been applied to quantify
the water content of cortical bone [177] as a potential surrogate measure of cortical porosity,

which is an important determinant of bone strength [178].

Multiple in vivo clinical studies performed in non-CKD cohorts have reported the utility of HR-
MRI in demonstrating the association between bone structure and fracture discrimination
[179, 180], structural and mechanical implications of therapeutic interventions longitudinally
on bone microarchitecture [170, 181-185], and differential diagnosis in metabolic bone
disease [107, 186, 187]. However, there have been no prospective studies of the role of HR-
MRI in fracture prediction, and the technique has not been validated against bone
histomorphometry. Moreover, despite the advances in MRI techniques over the last decade,

there have been very few studies of its role in ROD.
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HR-pQCT in chronic kidney disease

Most studies using conventional pQCT are cross-sectional and highlight the predominant loss
of cortical vBMD and cortical thickness in patients on haemodialysis [188-190] and peritoneal
dialysis [191] as well as kidney transplant recipients [192]. Two prospective studies involving
pre-dialysis [193] and haemodialysis [194] patients explored the relationship of radial BMD
with biochemical markers over time. They reported significant loss in cortical vBMD and
cortical area at the radius in haemodialysis patients and progressive loss in both cortical and
trabecular BMD in the pre-dialysis cohort. More recent studies, however, have utilized HR-

pQCT as the modality of choice.

Multiple cross-sectional studies have demonstrated the utility of HR-pQCT to quantify
disruption of cortical and trabecular microarchitecture [135, 136, 139, 140, 195-197], provide
discrimination for fracture status [136, 138, 196, 197] and explore potential relationships
between bone microarchitecture and turnover markers [135, 136] or vascular calcification
[198, 199] in patients with CKD. While HR-pQCT has generally outperformed DXA, some
studies have demonstrated the ability of DXA to discriminate for and predict fracture risk as
equivalent to HR-pQCT [127, 136, 196] while others have reported limitations [138]. Jamal et
al compared the ability for fracture discrimination of HR-pQCT with DXA in 211 participants
with stage 3-5 CKD [196] by ROC curve analyses. BMD by DXA at the ultradistal radius, with
an area under the curve (AUC) of 0.80, best discriminated between patients with and without
fractures with no improvement by the addition of HR-pQCT measurements. After two-year
follow up of this cohort (n=131) there was a decrease in BMD and worsening of both cortical
and trabecular bone microarchitecture with the changes being significantly greater in those

with incident fractures compared to those without. BMD by DXA at the ultra-distal radius was
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the strongest predictor of incident fractures (AUC 0.74, 95% Cl 0.65-0.83), [127]. HR-pQCT
parameters also exhibited similar prognostic ability with the AUCs for cortical measures
generally being higher than those for trabecular parameters. This is the first study to describe
the prognostic significance of DXA and HR-pQCT related to fracture risk in CKD. In general, in
studies which included both DXA and HR-pQCT, DXA performed better in pre-dialysis patients
compared to those receiving dialysis in keeping with known limitations and utility of aBMD
measurement in more advanced CKD population. The other notable finding in these studies
was the consistent greater discriminating ability of aBMD measurements at the distal radius
and femoral neck, both sites rich in cortical bone, perhaps reflective of cortical bone loss in

CKD.

Three prospective studies have highlighted the prevalence and importance of deterioration
in cortical bone architecture, likely related to hyperparathyroidism in patients with CKD.
Nickolas et al monitored changes in bone microarchitecture and its relationship with bone
biomarkers in 53 patients with CKD stages 2 to 5D (9 on HD) for a median follow up of 1.5
years [137]. They demonstrated a significant loss of cortical bone - reduced cortical area,
density, and thickness and increased cortical porosity — related to elevated levels of PTH and
bone turnover markers, but no significant deterioration in trabecular parameters. This was
accompanied by a decline in DXA-derived aBMD at the ultra-distal radius and total hip
unrelated to remodeling markers. Similar progressive loss of cortical bone related to
hyperparathyroidism and elevated bone turnover markers, albeit one year after kidney
transplantation, was also highlighted by lyer et al. [100], who measured BMD by DXA and
bone microarchitecture by HR-pQCT at baseline, 3, 6, and 12 months in 47 renal transplant

recipients on early corticosteroid withdrawal immunosuppressive protocol. Moreover, these
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changes were linked to significant reductions in estimated bone strength. Nishiyama et al
[101] explored the changes in cortical porosity following renal transplantation in 31 recipients
over one year utilising three different fully automated image registration methods to best
detect endocortical bone loss. The baseline-index method, in which exactly the same region
was analyzed in the baseline and follow-up scans to account for and include potential
endocortical “trabecularisation” [168], showed the greatest increase in porosity and had the

strongest relationship with changes by PTH and bone turnover markers.

MRI in chronic kidney disease

There have been few studies of the use of HR-MRI in the CKD population to date. Link et al.
[107] reported that MRI measures of trabecular structure of the calcaneus and BMD of the
spine (by QCT) in a mixed cohort of pre- and post-kidney transplant patients and 20 control
subjects, discriminated between patients with and without fractures. In addition, MRI
trabecular parameters were significantly lower in patients than healthy controls, but no
changes were observed in DXA-derived hip BMD in the three groups. Wehrli et al. [187]
evaluated the role of HR-MRI in assessing bone microstructure in 17 young adults on
maintenance haemodialysis compared with age, gender and BMI-matched healthy controls.
This study reported significantly lower cortical thickness and cross-sectional area in dialysis
patients than in controls. There was also evidence of trabecular disruption, including reduced
trabecular number and an increased erosion index; however, differences did not achieve
statistical significance. Rajapakse et al. [99], in 2012, applied FEA to HR-MRI images to assess
cortical and trabecular bone strength in addition to structural parameters in a prospective

study involving 49 renal transplant recipients. They demonstrated a decrease in stiffness and
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failure strength in the distal tibia over six months post-transplantation without corresponding

changes in the conventional structural parameters.

Promise of a virtual bone biopsy

The unique and complex pathophysiology of ROD and the lack of accurate diagnostic tools
makes bone abnormalities in CKD challenging to interpret and manage. Non-invasive HR
imaging has the potential to fill, at least partially, the significant gap between screening of
BMD using DXA and comprehensive diagnosis by bone biopsy. HR-pQCT and MRI, in
conjunction with accurate and appropriate bone turnover markers, can potentially be used
to screen for bone fragility, predict fracture and help in developing therapeutic interventions
and monitoring treatment effect in the CKD population. The euphoria surrounding the
potential of HR imaging, while not unfounded, has to be viewed in the context of potential
hurdles in its implementation into mainstream clinical practice. A plethora of technical
caveats, relative lack of standardisation of reference and technical parameters, limitation of
imaging to peripheral sites and high costs are some of the challenges which currently restrict
the use of these modalities to research settings. Moreover, both techniques need validation
in large multi-centre prospective trials to determine their utility in guiding clinical decision-
making and improving outcomes in the CKD population. Lastly, more accurate and reliable
non-invasive markers of bone turnover and mineralisation, validated against bone histology,
are required. These challenges are significant but not insurmountable, and once met, may

fulfill the vision of a “virtual bone biopsy”.
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Aims of thesis

People with CKD have a significantly higher risk of bone disease and all-cause mortality than
the general population. As renal function declines, patients develop characteristic
biochemical abnormalities, including decreased synthesis of vitamin D, hyperphosphataemia,
hypocalcaemia, and increased secretion of PTH. These abnormalities lead to the development
of CKD—-MBD, a systemic disorder which encompasses intimately related abnormalities of
mineral homeostasis, bone turnover and mineralisation, and vascular and soft tissue
calcification. Bone microarchitecture is invariably adversely affected in CKD, leading to

reduced bone quality and a high susceptibility to fracture.

Renal osteodystrophy, although a well-recognised entity for many decades, has a
disproportionately small body of evidence relating to its diagnosis and treatment. Major gaps
still exist in our knowledge about management of ROD in the clinical setting. Inability to
accurately identify the type of ROD by non-invasive means, lack of CKD-specific screening
tools for assessing fracture risk, and limited supportive evidence for appropriate therapy has
hampered our ability to institute preventative treatment in this high-risk group of patients.
Currently available diagnostic tools in routine clinical practice have limited utility in assisting
with management of ROD and therefore add to diagnostic and therapeutic uncertainty in this
area. Bone biopsy captures a comprehensive snapshot of bone microarchitecture, turnover
and mineralisation but has many limitations and is not a practical test for routine clinical
practice. Micro-CT is an ex vivo ultra-HR, non-destructive method to acquire direct three-
dimensional (3D) measurements of bone microarchitecture and images a much larger volume

of interest than two-dimensional (2D) histology. Although equipped with the resolution to
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measure the size of cortical pores, micro-CT has not been previously utilised to study cortical

porosity in biopsies of patients with CKD.

Over the last two decades, important advances in non-invasive HR imaging and identification
of novel biomarkers have enhanced our knowledge of bone microarchitecture in patients with
CKD and provided new insights into the pathophysiology and progression of CKD-MBD. High-
resolution MRI, using customised processing techniques, has proved to be an excellent non-
invasive tool to study bone microarchitecture in the non-CKD population but remains
relatively untested in patients with CKD. Large histomorphometry studies have also indicated
a changing pattern of histological abnormalities in the bone in patients with CKD over the last
few decades. Traditionally described histological patterns of renal bone disease have given
way to a newer classification according to the KDIGO TMV system in a major, and
advantageous, shift in approach towards defining ROD. The TMV classification provides
clinically relevant descriptors, but fails to emphasise the importance of assessment of cortical
microarchitecture, which is described as an adjunct to trabecular bone measurements. Our
increased understanding of the important contribution of cortical bone structure to overall
bone strength — and the more recent findings of cortical thinning and increased cortical
porosity in patients with CKD — suggest a need to emphasise the evaluation of cortical
microarchitecture as a key parameter in addition to trabecular changes within the TMV

classification.

Aim 1: To study histological abnormalities of bone, particularly cortical bone structure, in a
relatively young cohort of patients with ESKD at the time of kidney transplantation by utilising

micro-CT as a novel tool in addition to traditional histomorphometry. (Chapter 2)
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Accurate and reliable screening methods to assess abnormalities of bone turnover and
skeletal structure associated with ROD will be invaluable in clinical practice given the wide
prevalence of bone disease in patients with CKD, including KTRs. HR-MRI using customised
processing techniques has proved to be an excellent non-invasive tool to study bone
microarchitecture in research. Moreover, it is radiation free and can be performed widely on

commercially available scanners.

Aim 2: To evaluate bone microarchitecture in patients with CKD using HR-MRI and correlate
findings to those obtained by bone biopsy and other contemporary bone imaging techniques
(DXA, pQCT, TBS) and highlight the advantages of MRI as a diagnostic tool in renal bone

disease. (Chapter 3)

Renal osteodystrophy and CKD—MBD are almost universal findings in ESKD and may persist
after kidney transplantation. Histological abnormalities in bone structure and turnover
existing at the time of transplantation contribute significantly to post-transplant bone
disease, in addition to the risk factors for bone disease unique to KTRs (e.g.
immunosuppressive medications). There is a paucity of data on changes in bone structure and
histomorphometry after kidney transplantation, with mechanisms of underlying bone loss

poorly understood.

Aim 3: To monitor and compare longitudinal changes in bone density and microarchitecture
(using MRI, DXA, pQCT and TBS), and bone turnover markers over one year after

transplantation in kidney transplant recipients. (Chapter 4)
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Post-transplant mineral and bone disorders are common, with persistent SHPT seen in up to
50% of KTRs one year after transplantation. Bone disease related to ongoing SHPT is
associated with a heightened risk of fractures, cardiovascular calcification and graft failure,
and is sometimes treated with parathyroidectomy or calcimimetic agents. In Australia, the
calcimimetic agent cinacalcet was approved for financial reimbursement (on the
Pharmaceutical Benefits Scheme) in late 2007 for treatment of SHPT in patients with ESKD on
dialysis, but not for use in KTRs, and is therefore discontinued in most patients at the time of
transplantation. Few researchers have reported biochemical profiles and other clinical

outcomes in patients discontinuing cinacalcet at the time of kidney transplantation.

Aim 4: To assess the impact of discontinuation of cinacalcet at the time of transplantation on
mineral metabolism and clinical outcomes in a large cohort of kidney transplant recipients

over 5 years post transplantation via a retrospective audit (Chapter 5)

In the 1970s, aluminium toxicity emerged as a major cause of encephalopathy and anaemia
in patients receiving haemodialysis, but is now rare in the era of modern dialysis water
systems. Aluminium deposition in bone was also recognised as a major cause of adynamic
bone disease and added another dimension to the pathophysiology of ROD. Although studies
demonstrated a correlation between high serum aluminium levels and aluminium bone
disease, the reference range of serum levels predictive of bone disease has not been
established. Aluminium-containing phosphate binder use decreased with the advent of
calcium-based agents, and subsequently was almost completely phased out with increasing
use of non-calcium containing binders. However, many centres continue to routinely screen

dialysis patients for aluminium levels.
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Aim 5: To assess the utility of routine testing of serum aluminium levels in the haemodialysis
population in our centre via a retrospective audit of aluminium levels tested in 755 patients

over 4 years. (Chapter 6)

Overall, the work presented in this thesis was designed to increase knowledge and further
research in the field of CKD-MBD, and in particular ROD, within the Australian nephrology

community.
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Summary

Background: Cortical bone is a significant determinant of bone strength and its deterioration
contributes to bone fragility. Thin cortices and increased cortical porosity have been noted in
patients with chronic kidney disease (CKD), but the ‘Turnover Mineralization Volume’ (TMV)
classification of renal osteodystrophy does not emphasize cortical bone as a key parameter.
We aimed to assess trabecular and cortical bone microarchitecture by histomorphometry and
micro-computed tomography (micro-CT) in patients with CKD G5 and 5D (dialysis).
Methods: Transiliac bone biopsies were performed in 14 patients undergoing kidney
transplantation (n=12) and parathyroidectomy (n=2). Structural parameters analysed by
histomorphometry and micro-CT included trabecular bone volume, thickness (TbTh), number
(TbN) and separation and cortical thickness (CtTh) and porosity (CtPo). Indices of bone
remodelling and mineralisation were obtained and relationships to bone biomarkers
examined. Associations were determined by Spearman’s or Pearson’s rank correlation
coefficients.

Results: By micro-CT, trabecular parameters were within normal ranges in most patients, but
all patients showed very low CtTh (12744 um) and high CtPo (60.3£22.5%). CtPo was
inversely related to TbN (r=-0.56; p=0.03) by micro-CT and to TbTh (r=-0.60; p=0.024) by
histomorphometry and correlated to parathyroid hormone values (r=0.62; p=0.021). By
histomorphometry, bone turnover was high in 50%, low in 21% and normal in 29%, while 36%
showed abnormal patterns of mineralization. Significant positive associations were observed
between osteoblast surface, osteoclast surface, mineralization surface and bone turnover

markers.
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Conclusions: Deterioration of cortical microarchitecture despite predominantly normal
trabecular parameters, reinforces the importance of comprehensive cortical evaluation in

patients with CKD.
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Introduction

Bone structure can be divided into cortical and cancellous tissue compartments., with
approximately 80% of the adult skeleton comprised of cortical bone and trabecular bone in
the cancellous compartment comprising the remainder. The ratio of cortical to trabecular
bone varies widely for bones at different anatomic locations and within the same bone at
different sites. The two types of bone also differ in arrangement of microstructure, which is
responsible for the difference in their functional attributes. Cortical bone is compact and
dense and provides bulk and strength, whereas the more ‘metabolically active’ trabecular
bone is a honeycomb-like network of plates and rods [1]. Trabecular bone provides larger
surface area per matrix volume for remodelling to occur and is the site of earlier and more
rapid bone loss. With ageing, cortical bone undergoes increased remodelling leading to
widening of long bones, thinner cortices and increased remodelling spaces that are visualized
as ‘pores’ [2, 3]. If excessive, these changes can potentially result in a marked increase in bone

fragility and heightened fracture risk.

Current concept of ‘bone quality’ includes all levels of bone structure and material
composition as determinants of bone strength [4, 5]. Although lower values of bone mineral
density (BMD) measured by dual-energy X-ray absorptiometry (DXA) and trabecular bone loss
have been traditionally associated with increased fracture risk, newer high-resolution imaging
techniques have highlighted the important independent contribution of cortical bone to
overall bone strength and fragility [6-9]. Studies in people with chronic kidney disease (CKD),
including after renal transplantation, have highlighted their enhanced susceptibility to
fracture compared with age and gender matched controls [10-13] with consequent increases

in hospitalization and mortality [14]. For the classification of bone structural abnormalities in
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patients with CKD, development of the Kidney Disease Improving Global Outcomes (KDIGO)
‘Turnover Mineralization Volume’ (TMV) system [15] has been the most notable
advancement, because it provides clinically relevant descriptors. However, assessment of
cortical microarchitecture is described as an adjunct to the trabecular bone measurements.
The common findings of cortical thinning and increased cortical porosity in recent studies of
patients with CKD [16, 17] and their potential contribution to bone fragility suggest a need to
emphasize the evaluation of cortical microarchitecture as a key parameter in addition to

trabecular changes within the TMV classification.

In this cross-sectional study, we describe trabecular and cortical microarchitecture obtained
by classical histomorphometry and micro-computed tomography (micro-CT) of iliac crest
biopsies in participants with CKD G5 and 5D (dialysis). Micro-CT is an ex-vivo ultra-high
resolution, non-destructive method to acquire direct three-dimensional (3D) measurements
of cortical and cancellous bone microarchitecture and images a much larger volume of

interest than two-dimensional (2D) histology.

Materials and Methods

Study participants

Between December 2014 and January 2016, fourteen participants, planned for living donor
kidney transplantation (n=12) and parathyroidectomy (n=2), underwent transiliac bone
biopsies at the completion of their surgical procedure. Inclusion criteria were CKD G.5 and 5D
and non-participation in another trial at the time of recruitment. The protocol was approved

by the local ethics committee and all patients provided informed consent.
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Biochemical measurements

Blood samples were obtained prior to surgery and analysed at The Royal Melbourne Hospital
using standard laboratory analysis on an Elecsys Cobas autoanalyser system. Serum
concentrations of intact parathyroid hormone (iPTH) were determined using Architect Intact
PTH (Abbott Laboratories, USA) chemiluminescent microparticle immunoassay (CMIA).
Osteocalcin (OC) and procollagen type 1 N-terminal propeptide (P1NP), markers of osteoblast
activity, and beta-cross linked telopeptides (B-CTx), a marker of osteoclastic resorption, were
assayed by an electrochemiluminescence immunoassay (Elecsys®, Roche, Switzerland).
Serum 1,25-dihydroxyvitamin D (1,25[0OH],D) was measured by radioimmunoassay

(Immunodiagnostic Systems Ltd).

Bone histomorphometry

Participants underwent double tetracycline labelling for bone histomorphometry, consisting
of three days of doxycycline hydrochloride (100 mg twice daily), followed by a tetracycline-
free interval of 10 days and then tetracycline hydrochloride (500mg twice daily) for three
days. Anterior iliac crest bone biopsies were obtained under general anaesthesia using a
modified 7.5 mm Bordier trephine (Landanger) via a horizontal approach as described
elsewhere [18]. The specimens were fixed in cold neutral buffered formalin (NBF) 10% for up
to 48 hours and then dehydrated in 70% ethanol. The static and dynamic parameters were
examined and reported as measurements in two dimensions using nomenclature established
by the American Society for Bone and Mineral Research [19]. Normal ranges of bone
histomorphometry [20, 21] and micro-CT [22, 23] derived parameters were defined from
previously reported data and local experience. Final histomorphometry results were

categorized according to the TMV classification [15] .
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Microcomputed tomography

Micro-CT was performed by an experienced operator blinded to patient characteristics. Bone
debris was first eliminated from the biopsy core (Figure 1A), and the complete biopsy core
was scanned using a Skyscan Model 1172 Micro-CT scanner (Bruker, Aartselar, Belgium) at 50
kV, 200 mA with a 0.5-mm aluminium filter using a isotropic voxel size of 4.3 microns. Images
were captured every 0.4 through 180 and then reconstructed and analyzed using NRecon
software (version 1.6.10.5; Bruker, Belgium). The average scan time was 60 minutes per
sample. CTAnalyser software (version 1.16.1.0; Bruker, Belgium) was applied to quantify bone
volume and architecture. Boundaries of the cortical and cancellous compartments, indicated
in Figures 1B and 1C, were determined by X-ray attenuation of voxels on a grey scale from 1;
black, indicating empty space and no bone, to 255; white, indicating most dense bone. A range
from 1-59 for the cancellous compartment and 60-255 for the cortical compartment
produced the best binary images for analysis of each compartment in the bone biopsy
samples and these threshold values were maintained across all samples to ensure integrity of

the study.

Three-dimensional analysis was applied to calculate morphometric parameters within the
total cancellous compartment of each biopsy core, including trabecular bone volume to tissue
volume (BV/TV), trabecular number (TbN) and trabecular thickness (TbTh). Using the binary
images created by thresholding at 60-255 to exclude denser (cortical) areas of the biopsy, the
cancellous ROl was then inverted to measure cortical bone volume (C.BV) and cortical bone
thickness (CTh). Within the cortical ROI, total cortical porosity was calculated as the volume
of all open and closed pores as a percentage of the total C.BV. The cortical thickness and

porosity represent the mean of the two cortices for 10 biopsy samples while in the remaining
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four samples only the intact outer cortex was available for measurements. Analysis of the
structure model index (SMI), which corresponds to the trabecular plate- or rod-like geometry,
and the degree of anisotropy (DA), for which higher values indicate disruption of trabecular

network connectivity, was performed according to manufacturer’s specifications.

Statistical methods

Results are presented as mean (+/- standard deviation) for normally distributed continuous
variables and as median (and interquartile range) for cor tinuous variables with skewed
distributions. Correlation analyses were conducted to inrestigate associations between
parameters obtained by classical histomorphometry and thcse obtained by micro-CT as well
as biomarkers. Pearson correlation coefficients were used to express the relationship
between variables if both parameters were normally dis:ributed. Spearman correlation
coefficients were used if results of one or both parameters wi::re not normally distributed. We
compared the cortical structural parameters measured b/ micro-CT in subjects with or
without high turnover and in subjects with or without normal mineralisation. A two-tailed p
value <0.05 was considered statistically significant. Stata stat.stical software package (version

11.0, Stata Corporation, College Station, TX) was used for anlysis.

Results

Participant characteristics

Demographic and biochemical parameters of the study cohort are shown in Table 1 and Table
2 respectively. The mean age of participants was 44.4+/-10.3 years and 64.3% were male.
Glomerulonephritis (42.8%) was the most common cause of CKD. Nine (64.2%) participants

were on renal replacement therapy (hemodialysis n=6; peritoneal dialysis n=3) for a median

52



duration of 8.5 (interquartile range [IQR] 0 — 32.75) months, and five underwent pre-emptive
living donor renal transplantation. Potential bone modulating medications prescribed to
participants are listed in Table 1. Median serum iPTH was 45.3 (24 - 66.5) pmol/L. Serum iPTH
values were above the KDIGO (Kidney Disease Improving Global Outcomes) CKD - Mineral and
Bone Disorder (MBD) Guidelines [24] target range of up to nine times the normal upper
reference range of the assay in three patients, two of whom were undergoing
parathyroidectomy. Median values of bone turnover markers were elevated, as expected for
these markers in patients with CKD G5 and 5D. PINP and B-CTx were approximately two times

and OC was four times the normal upper reference value.

Bone trephine histomorphometry and micro-CT measures

On histomorphometry of the cancellous compartment, features of hyperparathyroidism and
increased bone turnover were present in 50% (n=7) of participants, while 21.4% (n=3) had
low or absent bone turnover and little or no evidence of bone resorption based on static
indices of cellular activity; osteoblast, osteoclast and eroded surface to bone surface (Table
3). Features of osteomalacia, based on osteoid thickness, surface, volume and smeared or
absent tetracycline label were present in 35.7% (n=5). The mean trabecular bone volume was
within the normal range (Table 4) and was low or low normal in only 28.6% of participants.
The mean cortical thickness was 868 + 410 um (normal range 800 — 1400 um) and cortical

porosity was 10.8 + 8.2% (high >10%).

Quantitative histomorphometry by micro-CT was characterised by deterioration in cortical

bone, with thin cortices (mean thickness 127 + 44 um) and high cortical porosity (60.3 *
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22.5%) in all participants. Trabecular parameters were relatively preserved (Table 4), with

reduced trabecular bone volume in only 21.4% of participants.

Comparing results from micro-CT and histomorphometry, measures of cortical thickness
showed no significant correlation but cortical porosity correlated significantly (0.56; p=0.036).
Cortical porosity by micro-CT correlated to values of iPTH (r=0.62; p=0.02) and was negatively
correlated to TbN by micro-CT (r=-0.56; p=0.03) and TbTh (r=-0.60; p=0.02) by
histomorphometry. Cortical thickness and porosity by micro-CT showed no significant
variation with histomorphometric parameters of mineralisation or with contemporaneous
high or low turnover status. The median trabecular SMI value was negative at -0.8 (-7.7 to
0.7; normal range 1.15 + 0.61), indicative of cavities, and anisotropy was increased with the
mean DA 2.04 + 0.8 (normal range 1.49 * 0.18), indicating fewer trabeculae in directions of
lower load and disruption of trabecular network connectivity. Histomorphometry parameters
arranged by the TMV classification are presented in Table 3 and structural parameters by both

techniques are listed in Table 4.

Bone biomarkers and histomorphometry

Bone turnover markers correlated significantly to all histomorphometric remodelling indices.
PINP was positively correlated to osteoblast surface (r=0.54; p=0.04), osteoclast surface
(r=0.65; p=0.01) and mineralization surface (r=0.74; p=0.002). Similarly, B-CTx was positively
correlated to osteoblast surface (r=0.61; p=0.02), osteoclast surface (r=0.66; p=0.009) and
mineralization surface (r=0.77; p=0.001). There was also a positive correlation of osteocalcin
to both osteoblast surface (r=0.65; p=0.01) and mineralization surface (r=0.75; p=0.003).

Serum 25(OH)D values were associated with indices of resorption - osteoclast surface (r=0.62;
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p=0.02) and osteoclast number (r=0.62; p=0.01) - and mineralization surface (r=0.64; p=0.01).
Serum 1,25(0OH),D values were associated with osteoid width (r=-0.86; p=0.001). There were
no significant relationships of bone biomarkers to other structural parameters derived by

histomorphometry or micro-CT.

Discussion

Cortical bone constitutes approximately 80% of the adult skeleton and its contribution to
fracture resistance is well recognised. However, relatively few studies have endeavoured to
use histomorphometry [25, 26] or micro-CT of bone trephine samples, or utilised non-invasive
techniques [16, 17, 27] to assess cortical microarchitecture and porosity in patients with CKD
G5, 5D or after kidney transplantation. In the current study, 50% of patients had changes
consistent with high bone turnover on histomorphometry, accompanied by elevated PTH
values, but all participants had markedly abnormal cortical microarchitecture assessed by
micro-CT with relatively preserved trabecular structural parameters. This severe cortical bone
loss is remarkable, given that patients in this study were relatively young (mean 44.4 + 10.3
years) and healthy, with the majority undergoing transplantation, compared with older and
non-transplantable patients with CKD G5 and 5D. However, these characteristics also limit the
extrapolation of our results to a general dialysis population. Of note, the cortical
abnormalities were not as prominent by histomorphometry and values for cortical thickness
by micro-CT and histomorphometry were not significantly correlated. Differences in cortical
thickness are unlikely to be due to the segmentation threshold used for delineation of cortex
from the cancellous compartments by micro-CT, since the thresholding value was consistent

throughout the samples. More likely, differences in thickness and porosity relate to the
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limited portion of cortex assessed in 2D by histomorphometry versus the entire cortex

assessed in 3D by micro-CT.

Physiological remodelling of bone with aging, or rapid unbalanced remodelling associated
with metabolic disease plays a key role in the pathogenesis of cortical bone loss. Trabecular
bone has a high surface to matrix volume ratio and provides a larger surface for initiation of
remodelling compared with cortical bone. Interestingly, the bone turnover markers P1NP, B-
CTx and osteocalcin correlated to histomorphometric remodelling indices in this study,
despite the recognised difficulty of interpreting these markers due to rises that accompany
deteriorating renal function. Serum 25(OH)D values also correlated to indices of resorption
and mineralization. While vitamin D and its metabolites may have local actions in the bone
environment that include the facilitation of mineral deposition and the enhancement of bone

resorption [28], the basis of these associations is unclear.

Cortical bone, although traditionally described as being compact, is traversed by Haversian
and Volkmann canals which provide the intracortical surface for remodelling. Over time, with
fewer trabecular sites available for remodelling, there is increased bone loss from the cortical
compartment. Increased remodelling at intracortical and endocortical surfaces, and
uncoupling of bone formation from resorption, leads to incomplete refilling of cavities and
widening of canals, and increases the available cortical surface area for the initiation of
remodelling events. This results in ‘trabecularisation” of the cortex and increased cortical
porosity [3]. A small increase in cortical porosity disproportionately affects bone strength and
may potentially contribute to bone fragility [9, 29]. This is significant given that more than

70% of all fractures occur at non-vertebral sites [30, 31] that are rich in both cortical and
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trabecular bone. A number of studies have demonstrated a relationship of fracture to the

deterioration of cortical architecture with aging and metabolic disease. [3, 6-8]

To our knowledge, this study is the first to report the role of micro-CT in assessing cortical
porosity in patients with CKD. Data on cortical porosity in the CKD population is derived mainly
from studies using HR-pQCT, an imaging modality prone to certain limitations in quantifying
cortical bone structure [32]. For example, trabecularisation of cortical bone may cause
potential measurement errors in segmentation between cortical and trabecular bone
compartments, leading to overestimation of trabecular density or underestimation of cortical
porosity [3, 33]. HR-pQCT does not have the requisite resolution to measure cortical pores
smaller than 100 um which constitute about 60% of total pores, and this leads to significant
underestimation of total cortical porosity [29]. The average cortical porosity defined by HR-
pQCT is approximately 3-7% [34] compared with a cortical void volume of 15-40% derived by
direct measurements of cortical bone water identified in MRI studies [35, 36]. However, the
very high mean cortical porosity in our study (mean 60.3 + 22.5%), representing a higher
number of larger ‘pores,” is likely to reflect uncoupled, largely PTH-mediated cortical
remodelling, and can only be partly attributed to identification of larger numbers of pores by
micro-CT due to its higher resolution. In such a scenario, the relatively normal trabecular
structure observed in our study may represent a differential action of PTH on trabecular and

cortical bone compartments.

This study supports recent histomorphometric [25, 26, 37, 38] and imaging studies [16, 17,
27, 39, 40] that have reported changes in cortical bone microarchitecture in individuals with

CKD. In a cross sectional study involving 38 dialysis patients, Adragao et al. [25] reported high
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cortical porosity in 57% and reported a significant inverse relationship between femoral BMD
and cortical porosity. The presence of high cortical porosity and reduced cortical thickness in
dialysis patients was also reported by Malluche et al. [26] in a large histomorphometry study
of 630 bone biopsies. Cortical porosity was related to hyper-resorption and high turnover,
and varied with race, being present in 50% of white and 75% of black patients, while reduced
cortical thickness was reported in 50% of white patients and 10% of black patients. In a recent
post-hoc analysis of histomorphometry data from a randomized controlled trial [41], Araujo
et al. [38] reported high cortical porosity in 85% of 52 hemodialysis patients at baseline and
a subsequent increase in both PTH levels and cortical porosity in patients who were treated
for low bone turnover. Similarly, imaging studies have described abnormal cortical bone
microarchitecture [39], progressive cortical loss and increased cortical porosity to be
associated with hyperparathyroidism in patients with CKD [16] including kidney transplant
recipients [40]. In the TMV classification, measurement of cortical bone volume and thickness
is described as additional information to that provided by the trabecular bone volume [15].
However, the current and aforementioned studies emphasize the importance of describing
cortical microarchitecture as a central parameter of the TMV classification, together with the

trabecular parameters.

Our study has some limitations including its cross-sectional nature and small sample size
without a non-CKD control group. The sample size limits statistical robustness, and as a single
center study with 13 of 14 patients being Caucasian, the generalisability of our findings to
other centers and racial groups may be limited. Four patients in our cohort were on
maintenance prednisolone therapy at the time of transplantation and this might have

contributed to overall finding of abnormal bone structure in our patients. It is, however, hard
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to delineate these manifestations from those due to ESKD in a small cohort. The thresholding
method of segmentation between cortical and cancellous compartments used in our micro-
CT analysis has known limitations. Inaccuracy in differentiating cortical and trabecular bone
by thresholding can potentially result in overestimation of trabecular parameters, which may
be reflected in our finding of relatively normal trabecular indices [33]. Some voxels being
evaluated for cortical porosity may contain varying proportions of void volume and
mineralized bone matrix. In such voxels, the photo-attenuation caused by mineralized bone
may lead to underestimation of the void volume and cortical porosity [42]. These potential
measurement errors, if applied to our study, may present a more severe picture of both
cortical and trabecular architecture in our cohort. Despite these limitations, this study is one
of relatively few to report cortical microstructure and the first to utilize micro-CT to measure

cortical porosity and thickness from 3D sections in a CKD-G5 and 5D cohort.

In summary, this study highlights a marked deterioration of cortical bone microarchitecture
in CKD. Cortical porosity has an established role in bone fragility, and a focus on cortical
changes represents a significant shift in the assessment of renal osteodystrophy that may
have diagnostic and treatment implications. In addition to the TMV classification of trabecular
bone, assessment of the cortex (‘C’) requires emphasis, but to establish an association of
cortical porosity and thickness to fractures in people with CKD, prospective studies are
required. Such studies, using newer non-invasive means to assess the cortical and cancellous
compartments that can be readily repeated over time, might lead to interventions using

cortical bone as a therapeutic target.
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Figures
Figure 1. Representative micro-CT images of a biopsy obtained from a study subject showing
stages in processing (A) Biopsy core with debris, (B) Three-dimensional longitudinal slice,

and (C) Two-dimensional longitudinal slice. Trabecular bone, white arrows; Cortical bone,

black arrows
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Tables

Table 1. Baseline demographic parameters (n = 14).

Variable Values
Age at surgery (years) 44.4 +£10.3
Gender (%Male) 64.2
Body Mass Index (kg/m?) 27.1+4.8

Cause of Chronic Kidney Disease (%)

Glomerulonephritis 42.8
Diabetes mellitus 14.2
Polycystic kidney disease 14.2
Reflux nephropathy 21.4
Other 7.14
Dialysis: HD / PD / None (%) 42.8/21.4/35.7
Parathyroidectomy (%) 7.14

Bone Modulating Therapy (%)

Cinacalcet 7.14
Phosphate binder 57.1
Calcitriol 42.8
Cholecalciferol 214
Prednisolone 28.5

Abbreviations: HD, hemodialysis; PD peritoneal dialysis.



Table 2. Baseline biochemical parameters for kidney transplant recipients (KTRs) and patients

undergoing parathyroidectomy (PTHx). Data presented as mean + SD or median (interquartile

range)

Biomarker KTR (n=12) PTHx (n=2) Normal range
Calcium 2.44+0.1 2.46+0.3 2.10-2.60 mmol/L
Phosphate 2.07+0.3 2.83+0.2 0.75-1.50 mmol/L
Parathyroid hormone 38.4 (19 - 55) 246 +101.6 1.7-10.0 pmol/L
Alkaline phosphatase 78 (63 -121.5) 290 + 168.2 30-120 1U/L
25-hydroxyvitamin D 65.1+21.6 77.5+20.5 55-108 nmol/L
E’ZS'dihydroxyVitami” 29 (20 - 70) N/A* 50-190 nmol/L
Osteocalcin 149.2 (30.9 - 203.6) 895 +841.4 14-46 ng/ml
feelf)a;;‘:‘;;i”ked 1.26 (0.82 - 2.48) 6.0+0.0 l\gzlrisaltc)ej’;%f)g-go/gl

ng/ml
Procollagen type 1 N- 123.6 (47.3 - 262.1) 1665 + 657.6 Males 15 — 80 pg/L

propeptide Females* 15 - 90 ug/L

* Premenopausal reference range.
“Patients undergoing parathyroidectomy were pre-loaded with calcitriol, which would influence these results.
Values of serum osteocalcin, beta-cross linked telopeptide and procollagen type 1 N- propeptide increase

above the normal range in patients with reduced renal function.
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Table 3. Parameters measured by histomorphometry arranged by the TMV classification

(n=14). Data presented as mean + SD or median (interquartile range)

TMV Variable Value Normal range

0b.S/BS (%) 6.5 (2.9-16.6) 5.3+2.7%
ES/BS (%) 2.8(0.4-5.2) 0.4-3.4%

Turnover*
0c.S/BS (%) 3.4(0.4-6.5) 0.5-2.5%
sLS/BS (%) 16.4 (4.9-37.2) 0.5-10.5%

Mineralisation OV/BV (%) 2.1(0.8-9.2) 1.3-3.1%
0S/BS (%) 11.6 (8.4-32.6) 7.1-13.9%
O.Th (um) 141+9.1 9.2-14.9 um

Volume BV/TV (%) 27+1.1 21-29%

Abbreviations: Ob.S/BS, Osteoblast surface/Bone surface; ES/BS, Eroded surface; Oc.S/BS, Osteoclast surface;
sLS/BS, Single-labelled surface (Mineralising surface); OV/BV, Osteoid volume/Bone volume; OS/BS, Osteoid
surface; O.Th, Osteoid thickness; BV/TV, Cancellous bone volume/Total volume

*In patients with features of hyperparathyroidism, the mineral apposition rate varied from 0.77-1.08 um/day
(normal range 0.6-0.8 um/day) and bone formation rate from 0.09-0.62 mm3/mm2/day (normal range 0.03-
0.09 mm3/mm2/day). No label was detected for patients with adynamic bone and patients with normal bone
surfaces had indices in the intermediate range or smeared label for mixed uraemic osteodystrophy. Due to

difficulty reading the doxycycline label in some biopsies, sLS/BS is provided.
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Table 4. Microarchitectural parameters measured by 2D histomorphometry and micro-CT

(n=14). Data presented as mean + SD or median (interquartile range).

Variable Mean+SD Normal Range
Histomorphometry BV/TV (%) 27.1+115 21-29%
TbTh (um) 157.6 + 60.1 90-175
TbN (1/mm) 1.83+0.75 1.1-2.2
TbSp (um) 368.5 (273.3-566.4) 770
Micro-CT BV/TV (%) 203+7.0 15.6 +5.4%
TbTh (um) 110 + 37.0 151 + 27
TbN (1/mm) 2.20+1.44 1.4 +0.27
ThSp (um) 593 + 203 770 + 350
z\:(rer?)n cortical thickness 127 + 44 381 + 120*
Cortical porosity (%) 60.31 £ 22.53 4-10 %*

Abbreviations: BV/TV, trabecular bone volume; TbTh, trabecular thickness; TbN, trabecular number; ThSp,

trabecular separation. *Average values only; cortical thickness and porosity vary by sex and age.
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CHAPTER 3: MAGNETIC RESONANCE IMAGING BASED ASSESSMENT

OF BONE MICROSTRUCTURE AS A NON-INVASIVE ALTERNATIVE

FOR HISTOMORPHOMETRY IN PATIENTS WITH CHRONIC KIDNEY

DISEASE
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Summary

Background: Chronic kidney disease (CKD) adversely affects bone microarchitecture and
increases fracture risk. Historically, bone biopsy has been the ‘gold standard’ for evaluating
renal bone disease but is invasive and infrequently performed. High-resolution magnetic
resonance imaging (MRI) quantifies bone microarchitecture noninvasively. In patients with
CKD, it has not been compared with results derived from bone biopsy or with imaging using
dual energy X-ray absorptiometry (DXA).

Methods: Fourteen patients with end-stage kidney disease (ESKD) underwent MRI at the
distal tibia, bone mineral density (BMD) by dual energy X-ray absorptiometry (DXA; hip and
spine) and transiliac bone biopsies with histomorphometry and microcomputed tomography
(micro-CT). All patients had biomarkers of mineral metabolism. Associations were determined
by Spearman’s or Pearson’s rank correlation coefficients.

Results: MRl indices of trabecular network integrity, surface to curve ratio (S/C) and erosion
index (El), correlated to histomorphometric trabecular bone volume (S/C r=0.85, p=0.0003; El
r=-0.82, p=0.001), separation (S/C r=-0.58, p=0.039; El r=0.79, p=0.0012) and thickness (S/C,
r=0.65, p=0.017). MRI El and trabecular thickness (TbTh) also correlated to micro-CT
trabecular separation (El r=0.63, p=0.02; TbTh r=-0.60, p=0.02). Significant correlations were
observed between histomorphometric mineralization and turnover indices and various MRI
parameters. MRI-derived trabecular parameters were also significantly related to femoral
neck BMD.

Conclusions: This study highlights the heterogeneity of bone microarchitecture at differing
skeletal sites. MRI demonstrates significant, relevant associations to important bone biopsy
and DXA indices and warrants further investigation to assess its potential to non-invasively

evaluate changes in bone structure and quality over time.
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Introduction

Renal osteodystrophy (ROD) refers to changes in bone quality associated with chronic kidney
disease (CKD), and has been defined by changes to histomorphometric parameters of
turnover, mineralization, and volume (TMV) [1]. Progressive decline in renal function
adversely affects bone microarchitecture, mineralization, collagen structure and marrow
composition. This may result in deterioration in both cancellous and cortical bone
architecture to varying degrees. Structural changes in ROD include alterations in thickness,
number and spacing of trabecular bone and disruption to its orientation, connectivity, and
the ratio of its plate-like to rod-like structure. Similarly, abnormal bone remodelling and
turnover results in thinned cortices and increased cortical porosity. These trabecular and

cortical changes may lead to a loss of overall bone volume and increased bone fragility [2, 3].

Patients with CKD have significantly more fractures than age- and gender-matched individuals
without CKD [4]. The risk of sustaining a fracture increases progressively as the glomerular
filtration rate (GFR) falls [5] and persists in the early years after transplantation [6]. Moreover,
fractures in patients with CKD are associated with increased morbidity and mortality
compared to the general population [7]. Whilst recent epidemiological studies have
emphasized the increased fracture risks of CKD [8, 9], tools used in clinical practice to evaluate
ROD, including dual-energy X-ray absorptiometry (DXA) to assess bone mineral density (BMD)
and biochemical bone turnover markers, have more diagnostic limitations in patients with
CKD than in the general population. Bone biopsy and quantitative histomorphometry, the
‘gold standard’ for diagnosis and classification of ROD, is invasive, expensive, requires
expertise to perform, process and interpret and is rarely used in clinical practice.

Furthermore, the microstructure of the non-weight bearing iliac crest may differ in strength

72



and structure from the peripheral skeleton, where clinically relevant fractures often occur.
This has led to a search for reliable biomarkers and non-invasive high-resolution imaging
modalities such as high-resolution peripheral computed tomography (HR-pQCT) [10, 11], to

determine bone microarchitecture and to estimate bone strength in-vivo.

High-resolution magnetic resonance imaging (MRI), is a non-ionising and non-invasive
method for quantification of bone microstructure in-vivo [12]. Clinical studies using MRI scans
at peripheral anatomical sites have reported associations between bone structure and
fracture in non-CKD cohorts [13]. Additionally, the long-term impact of therapeutic
interventions on the structural and mechanical components of bone microarchitecture [14-
16] can be evaluated using MRI. Despite these putative advantages, few studies have
examined its role in ROD [17-20] or its utility in evaluating changes in cortical and trabecular
microarchitecture in patients with CKD. Moreover, in patients with CKD, the relationship of
structural parameters obtained by in-vivo MRI to those derived from bone biopsy has not
been explored. If validated, MRI has the potential to assess bone microstructure and estimate
structural manifestations of strength at any anatomical site, including common sites of

fracture such as the hip, a site at which feasibility studies have proven encouraging [21, 22].

The aim of this study was to compare information on bone structure obtained from non-
invasive MRI at the distal tibia, to parameters obtained from transiliac bone biopsies
submitted to standard histomorphometry and microcomputed tomography (micro-CT).
Micro-CT analyses a much larger volume of interest compared with two-dimensional (2D)
histology and is a non-destructive method to acquire direct three-dimensional (3D)

measurements of cortical and cancellous bone microarchitecture, providing greater structural
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detail. In addition to comparing bone structure parameters, we also assessed the relationship
of MRI to BMD obtained by DXA, the current standard of care in clinical practice, and to
laboratory indices. For this study, we recruited patients with CKD stage 5 or 5D (on dialysis),
who were likely on clinical grounds to have ROD, with a range of structural bone

abnormalities.

Materials and Methods

Study participants

A total of 31 patients were approached, including 27 patients planned for living donor kidney
transplantation and four patients on hemodialysis awaiting parathyroidectomy. Five
transplant surgeries were rescheduled or cancelled for clinical or logistical reasons. Sixteen of
the remaining 26 patients consented and were recruited between December 2014 and
January 2016, with 14 undergoing living donor kidney transplantation and two undergoing
parathyroidectomies. Fourteen of the patients underwent transiliac bone biopsies at
completion of the surgical procedure whilst under general anesthesia (12 after renal
transplantation and 2 after parathyroidectomy). Inclusion criteria were end-stage kidney
disease (ESKD), no contraindications to MRI, and non-participation in another trial. The
protocol was approved by the local ethics committee and all patients provided informed

consent.

MRI
MRI images were obtained within a 2-week period preceding the surgery with a commercial
3.0-Tesla whole-body imager (Siemens Trio, Germany). Participants were imaged in a feet-

first prone position. MRI acquisitions were performed at the left distal tibial metaphysis using
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a 3D ‘fast spin echo’ pulse sequence readily available on any clinical MRI system requiring a
scan time of 12 minutes. This was undertaken utilizing a commercially available eight-channel
radiofrequency (RF) extremity coil used in clinical practice. MRI parameters include 0.273 mm
x 0.273 mm x 0.6 mm voxel size, 70 mm x 70 mm x 19.2 mm field-of-view, 53ms repetition
time, 16ms echo time, 12 averages, and echo train length of two. Raw MRI data was pre-
processed via bone volume fraction (BVF) mapping and segmentation of the bone into
trabecular and cortical compartments for structural measurements and topological analysis
using published algorithms [12, 19]. In brief, segmentation was determined by delineating the
periosteal and endosteal boundaries of the bone using an operator-guided semi-automatic
algorithm using a custom-built software [19] and standard microarchitecture parameters
were derived for trabecular and cortical bone (Table 1). Topological analysis of the trabecular
network was performed as previously described and two composite parameters, reported to
be sensitive to microstructural change were also calculated [23, 24]. The surface/curve ratio
(S/C) is the ratio of all surface voxels to all curve voxels with the former representing plate
like elements and the latter being a marker of rod like elements of the trabecular network. A
higher S/C ratio indicates a higher ratio of trabecular plates to rods, which is a hallmark of
trabecular network integrity. The other parameter is the erosion index (El), the ratio of
topological parameters expected to increase to those parameters likely to decrease with
network erosion caused by osteoclastic resorption. A higher ratio is consistent with greater

deterioration.

Micro-computed tomography
Transiliac bone biopsies were performed under general anesthesia at the end of the renal

transplant or parathyroidectomy using a modified Bordier trephine [25]. Specimens were
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fixed in cold neutral buffered formalin 10% for up to 48 hours and then dehydrated in 70%
ethanol. The intact iliac crest cores were analysed using a Skyscan Model 1172 Micro-CT
scanner (Bruker, Aartselar, Belgium) at 50 kV, 200 mA with a 0.5-mm aluminium filter using a
pixel size of 4.3 microns. Scanned images were captured every 0.4 through 180,
reconstructed and analysed by NRecon (software version 1.6.10.5; Bruker, Belgium).
CTAnalyser software (version 1.16.1.0; Bruker, Belgium) to quantify bone volume and
architecture. Boundaries of the cortical and cancellous compartments were determined by X-
ray attenuation of voxels on a grey scale from 1; black, indicating empty space and no bone,
to 255; white, indicating most dense bone. A range from 1-59 for the cancellous compartment
and 60-255 for the cortical compartment produced the best binary images for analysis of each
compartment in the samples and these threshold values were maintained across all samples.
Three-dimensional analysis was applied to calculate standard morphometric parameters
within the total cancellous and cortical compartments of each biopsy core (Table 1). The
cortical porosity was calculated as the volume of all open and closed ‘pores’ as a percentage
of the total cortical bone volume, and cortical thickness represented the mean of two cortices
for 10 biopsy samples, while in the remaining four samples only the intact outer cortex was
available for measurements. Other derived parameters included structure model index (SMl),
indicating trabecular plate or rod-like geometry, degree of anisotropy (DA) and connectivity
density, which are surrogates for trabecular connectivity. Micro-CT nomenclature and units

accord with published guidelines [26].

Bone histomorphometry
Histomorphometry was performed on the non-decalcified iliac crest biopsies following

completion of the micro-CT examination. Prior to biopsy, participants had three days of
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doxycycline hydrochloride (100 mg twice daily), followed by a tetracycline-free interval of 10-
14 days and then tetracycline hydrochloride (500mg twice daily) for three days, with the
biopsy performed three to five days later. Static parameters were reported as measurements
in two dimensions using established nomenclature [27]. Bone turnover activity was assessed
from static indices including osteoblast surface and number and osteoclast surface, number
and perimeter/eroded fraction, in addition to tetracycline labelled perimeter/bone
perimeter, mineral apposition rate and bone formation rate derived from the tetracycline
labels. Normal ranges of bone histomorphometry, and micro-CT derived parameters were
defined from previously reported data [28-31] and local experience. Final histomorphometry

results were categorized according to the TMV classification [1].

DXA

Participants scheduled for kidney transplantation (n=14) underwent BMD measurements by
DXA (QDR-4500 Discovery, Hologic, Waltham, MA), at the lumbar spine, femoral neck and
total proximal femur. BMD values were expressed in g/cm? and as T- and Z-scores. All DXA
scans were performed at one center by a single operator not involved in the care of study

participants and blinded to other study measurements.

Biochemical measurements

All biochemical measurements were performed at The Royal Melbourne Hospital prior to
surgery. These included serum levels of creatinine, calcium, phosphate, 25-hydroxyvitamin D
(25(0OH)D), intact parathyroid hormone (iPTH) and alkaline phosphatase (ALP). The estimated
GFR (eGFR) was calculated according to the Chronic Kidney Disease Epidemiology

Collaboration (CKD-EPI) formula for non-dialysis patients. All biochemical markers were
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measured using standard assays and analyses were performed according to the
manufacturer’s instructions. Serum concentrations of iPTH were determined using Architect

Intact PTH (Abbott Laboratories, USA) chemiluminescent microparticle immunoassay (CMIA).

Statistical methods

Results are presented as mean (+/- standard deviation [SD]) for normally distributed
continuous variables and as median (and interquartile range) for continuous variables with
skewed distributions. Correlation analyses were conducted to investigate associations
between BMD and bone structural parameters, obtained at different anatomical locations
using the different imaging techniques and histomorphometry, as well as biomarkers.
Pearson correlation coefficients were used to express the relationship between variables if
both parameters were normally distributed. Spearman correlation coefficients were used if
results of one or both parameters were not normally distributed. Independent sample t-test
or Mann-Whitney tests were used to explore associations between MRI parameters and TMV
parameters. A two-tailed p value <0.05 was considered statistically significant. Stata statistical

software package (version 11.0, Stata Corporation, College Station, TX) was used for analysis.

Results
Patient characteristics

The mean age of patients at the time of surgery was 46.0 £ 11.3 years with 62.5%
being male. Glomerulonephritis was the predominant cause of ESKD in the cohort (37.5%)
followed by reflux nephropathy (18.8%) and diabetes (18.8%). At the time of surgery 11 of 16
patients were on renal replacement therapy (hemodialysis [HD] n=7; peritoneal dialysis [PD]

n=4) for a median duration of 20.5 months (5-34.2 months), whilst 5 of 16 were scheduled for
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pre-emptive living donor renal transplantation. One patient, a 30-year-old female undergoing
parathyroidectomy, had a history of a low trauma fracture. Another, 50-year female recipient
of a kidney transplant had a prior history of parathyroidectomy. Potential bone modulating
treatment used by participants in our cohort involved phosphate binders (n=8, 50%),
prednisolone (n=4, 25%), calcimimetics (n=1, 6.3%) and calcitriol (n=5, 31.3%). Median serum
iPTH was 45.3 (26.8-64.8) pmol/L, and in four patients, iPTH values were above the Kidney
Disease Improving Global Outcomes (KDIGO) recommended target range of up to nine times

the normal upper reference range of the iPTH assay.

Representative images illustrating trabecular and cortical compartments of study participants
are shown for MRl in Figure 1 and micro-CT in Figure 2. Mean values of trabecular and cortical
structural parameters assessed at the distal tibia by MRI and at the iliac crest by micro-CT and
histomorphometry are presented in Table 1. Biochemical parameters of patients are outlined

in Table 2.

Bone histomorphometry and micro-CT

Bone turnover (T) activity was assessed as low in 21%, normal in 29%, and high in 50% of
participants. For  patients with  histomorphometry findings suggestive of
hyperparathyroidism, the mineral apposition rate (MAR) varied from 0.77-1.08 um/day
(normal 0.6-0.8 um/day) and bone formation rate (BFR) from 0.09-0.62 mm?3/mm?/day
(normal 0.03- 0.09 mm3/mm?/day). Mineralization (M) was abnormal in 35.7%, based on
histological features of increased osteoid surface, volume and seam width. Trabecular bone
volume (V) was relatively preserved. By microCT, only 28.5% % of patients had BV/TV values

>1 SD below the mean, and mean trabecular thickness, number and separation were also
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within the normal range. However, cortical bone was characterised by thin cortices and
increased cortical porosity (Table 1). Cortical porosity by 2D histomorphometry correlated to
porosity by 3D micro-CT (r=0.56; p=0.03), but there was no significant relationship between

cortical thickness measured by 2D histomorphometry and 3D micro-CT.

Associations of MRI and Bone Histology

Turnover

MRI parameters are static, and like static histomorphometric indices, are likely to reflect the
cumulative impact on bone structure of changes in bone turnover over time. Significant
negative associations were present between eroded surface (ES/BS) by histomorphometry
and MRI-derived total bone area (r = -0.85, p = 0.004), trabecular bone area (r =-0.71, p =
0.03) and cortical bone area (r = -0.83, p = 0.005), Osteoclast surface (Oc.S/BS %) by
histomorphometry was negatively correlated to MRI-derived cortical area (r=-0.67, p = 0.01).
Unlike these static parameters, tetracycline labelling represents current bone turnover.
Nevertheless, a significant positive association was detected between BFR and MRI derived
trabecular volume (r = 0.56, p = 0.04), and negative associations were present between BFR
and MRI derived trabecular number (r = -0.59, p = 0.03) and trabecular spacing (r =-0.58, p =
0.03). MAR correlated significantly with S/C (r = 0.56, p = 0.04) with a negative trend for El (r
=-0.53, p =0.06). However, BFR and MAR were not reliably determined on all samples due to
inconsistent uptake of the first doxycycline label, so these correlations should be interpreted

with caution.
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Mineralisation

There were no significant associations between MRI derived trabecular or cortical bone
structure and osteoid thickness or volume used to assess mineralization. However, total bone
area measured by MRI correlated to osteoid thickness (r =0.71, p = 0.006) and osteoid volume
(r = 0.59, p = 0.03). Positive correlations were observed between tetracycline labeled
mineralizing surface to bone surface and MRI-derived BV/TV (r = 0.61, p = 0.02) and TbN (r =

0.64, p = 0.04), with a negative association to TbhS (r =-0.63, p = 0.02).

Volume

When assessing volume, 3D techniques are superior to the 2D structural parameters provided
by histological sections. Nevertheless, MRI derived S/C, indicating the plate to rod ratio of
trabeculae at the distal tibia, correlated positively to histomorphometry at the iliac crest for
trabecular bone volume (BV/TV, r = 0.85, p = 0.0003), trabecular thickness (TbTh, r = 0.65, p
= 0.017) and negatively to trabecular separation (TbS, r = -0.58, p = 0.039) (Figure 3). MRI-
derived El, which increases with trabecular deterioration, correlated negatively to
histomorphometric BV/TV (r =-0.82, p = 0.0006) and positively to ThS (r = 0.80, p = 0.001) at

the iliac crest.

MRI parameters and microCT-derived bone trephine indices are listed in Table 1 and
compared in Table 3. There were no significant correlations between microCT-derived BV/TV,
trabecular parameters (TbTh, TbN, TbS) or cortical thickness (CtTh) with the same MRI
parameter, possibly due to differences in microarchitecture between the different skeletal
sites. However, lower microCT-derived cortical and trabecular thickness and increased

microCT-derived trabecular number were inversely related to the MRI-derived S/C ratio, and
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there was a positive association of increased trabecular separation by microCT and the MRI-
derived erosion index (El) (r = 0.63, p = 0.02), which increases with trabecular deterioration,

(Table 3).

MRI, BMD and Biomarkers
Mean values of lumbar spine, femoral neck and total hip BMD determined by DXA are
presented in Supplementary Table 1, and the correlations of these parameters with MRI

indices are presented in Supplementary Table 2.

Seven out of 14 (50%) patients, aged 33 to 63 years, met the World Health Organization
(WHO) criteria for osteopenia (T-Score -1.0 to -2.5) and two for osteoporosis (T-Score <-2.5)
respectively at the femoral neck. Significant correlations were observed between BMD at the
hip and trabecular microarchitecture at the distal tibia by MRI and iliac crest
histomorphometry. All MRI-derived trabecular parameters differed significantly for the
participants with a femoral neck T-scores < -2.5 versus those with T-scores > -2.5 whereas
total bone area and trabecular area differed significantly for those with T-scores within versus
above the osteopenic range (Table 4). Similar relationships were not observed between MRI

and T-scores at the total proximal femur or lumbar spine.

MRI-derived trabecular area correlated to values of ALP (r = 0.55, p = 0.03) and TbS correlated

to values of 25(0OH)D (r =-0.57, p = 0.03). There were no other significant associations between

MRI indices and biomarkers.
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Discussion

To our knowledge, this study is the first to explore relationships between non-invasive
assessment of bone microarchitecture using MRI at a peripheral skeletal site and quantitative
histomorphometry at the iliac crest in patients with CKD. The results of this study confirm the
complex skeletal phenotype of ROD and provide some encouraging data for the potential
utility of MRI. Our results are congruent with previous studies showing widespread bone loss
and deranged bone microarchitecture in relatively young patients with CKD. We observed
significant cortical bone loss with increased cortical porosity and trabecular network
deterioration but preserved trabecular volume at the iliac crest; and demonstrated
correlations between some structural parameters assessed by different imaging modalities at

skeletal sites with varying load bearing profiles.

The relationships between parameters of trabecular network integrity at the tibia (S/C and El
with MRI), trabecular microarchitecture at the iliac crest and BMD at the hip, demonstrate
the widespread and serious nature of bone deficits in CKD. This is clinically relevant because
disruption of trabecular network connectivity, increased trabecular separation and decreased
trabecular number are associated with aging and osteoporosis [32, 33] and have assisted in
discriminating between participants with or without fractures in histomorphometric [34, 35]
and HR-pQCT studies [36, 37]. Other structural measurements derived from tibial MRI
correlated weakly with corresponding parameters evaluated by histomorphometry. On the
other hand, MRI-derived trabecular measurements were predictive of BMD at the femoral
neck. The inverse relationships observed between MRI derived cortical thickness and
trabecular structural parameters by micro-CT are likely representative of ‘trabecularisation’

of endocortical bone. This can lead to inaccuracies in distinguishing the cancellous from the
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cortical compartments in this ‘transitional zone’ [38] causing potential overestimation of

trabecular parameters.

This study demonstrates that MRI may have utility beyond quantification of bone
microarchitecture, especially if combined with BMD measurement and reliable markers of
bone turnover. While we demonstrated significant correlations between MRI and
histomorphometric bone turnover parameters, these should be viewed with caution given
our small cohort and inconsistent uptake of doxycycline labels. It is also important to
recognize that MRI or micro-CT parameters are static and represent a legacy of changes to

bone accumulated over time, which may not be indicative of current, dynamic bone turnover.

There are few other studies that can be compared or contrasted with our results. Cohen et a/
[39] compared HR-pQCT to classical bone histomorphometry and micro-CT of iliac crest
biopsies in 54 participants without secondary osteoporosis or metabolic bone disease. They
demonstrated weak to modest but statistically significant correlations between structural
parameters obtained by these modalities. In a recent study, Marques et al [40] compared HR-
pQCT (radius and tibia) and bone histomorphometry in 31 CKD patients. They reported
modest, statistically significant correlations between structural parameters at the two sites.
Similar to those studies, our results suggest that structural parameters measured by MRI are
weakly to modestly associated to their direct counterparts measured by histomorphometry.
It is important that these relationships are interpreted in the context of technical and analytic
differences in the measurement of similarly named parameters by MRI, micro-CT and
histomorphometry, three modalities with very different image resolutions and processing

algorithms.
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This study highlights the variation in indices of bone structure by anatomical site. While iliac
crest biopsy has an established role as the ‘gold standard’ for ROD diagnosis, other skeletal
sites also need consideration as targets for systemic treatments that affect the whole
skeleton. In fact, even at the iliac crest, contiguous bone biopsies in the same patient with
ROD have been reported to show up to 24% variability in trabecular bone parameters [41].
Similar variation has also been demonstrated in measurements by micro-CT of biopsies
obtained from the cadavers of postmenopausal women [42]. Recent studies have also
reported variability in cortical bone architecture at various sites [43]. The current study also
demonstrates poor within-patient correlation of cortical thickness and porosity measured by
micro-CT and histomorphometry. These differences are likely due to the larger 3D sample size
and higher resolution of micro-CT, versus the smaller, 2D sample assessed by classical
histomorphometry. Although histomorphometry studies in patients with CKD have described
skeletal microstructural and mechanical abnormalities [44], the few studies designed to
examine links between bone histology and fracture have provided mixed results [45, 46]. By
contrast, several studies using MRI have reported associations between microstructural
parameters at peripheral sites and spinal [13] and hip fracture [47], although only one such

study has been conducted in patients with CKD [17].

Our study has several limitations including its cross-sectional nature and small sample size
without a normal control group. The sample size limits our ability to apply regression analyses
to determine the ability of a combination of imaging and biomarkers to predict TMV
parameters. Also, being a single-center study, the generalisability of our findings is limited.
Despite these limitations, this is the first study to compare MRI measurements to

histomorphometry plus micro-CT in patients with CKD and provides a ‘proof of concept’ for
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larger studies. Notably, for MRI, this was achieved using a commercially available, routinely
used RF coil, which is a significant step towards wider availability. It also compares multiple
standards of care and experimental imaging modalities (DXA, micro-CT, MRI) at different
skeletal sites with histomorphometry. Although this approach gives us a comprehensive
comparison of modalities, the technical and analytic differences in the techniques and the
inherent variations between structural and adaptive characteristics of different skeletal sites

make interpretation challenging.

There is a heightened awareness of the increased fracture risk in the CKD population, with a
knowledge gap related to the pathologic mechanisms leading to fractures and the unmet
need for adequate screening tools to identify and stratify this risk [48, 49]. This has resulted
in an increased number of studies evaluating the utility of non-invasive imaging techniques
and biomarkers in renal bone disease. There is also declining expertise in bone biopsy
handling and analysis, patients may be reluctant to undergo the procedure, and processing is
time consuming [50]. Whilst MRI is expensive, it is a technique widely researched in the non-
CKD population, and scanners and commercial hardware are readily available. MRl may be
able to quantify bone microarchitecture, improve fracture risk stratification and monitor

intervention in ROD.

Conclusion

In summary, our study compared new HR imaging technology to traditional bone
histomorphometry. Despite technical and analytical differences and skeletal heterogeneity,
we observed statistically significant correlations between parameters assessed by

histomorphometry and MRI at different anatomical sites, while demonstrating associations
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of MRI parameters to BMD and indices of bone remodelling. Validation of the role of MRI in
CKD will require prospective trials, designed to assess its potential for fracture prediction and

monitoring therapeutic intervention.
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Tables

Table 1 — Bone

histomorphometry

microarchitecture

parameters measured by MRI,

micro-CT and

Normal Range[205-

Variable Mean+SD 208]
MRI (Tibia)*
BV/TV (%) 10.4 +/-2.2
TbTh (um) 126 +/-5.6
TbN (1/mm) 0.82 +/-0.14
TbS (um) 1120 +/- 23
(Cuor:)ical thickness 2632 +/- 545
S/C 5.51+/-1.36
El 0.91 +/-0.25
Transiliac biopsies

Micro-CT BV/TV (%) 203+7.1 15.6 + 5.4%
TbTh (um) 110+ 37.0 150 + 30 pm
TbN (1/mm) 220+1.44 1.4 £0.27/mm
TbS (um) 593 + 203 770 + 350
chi?(:l :L:g('sn:;’rtica' 127 + 44 381 + 120*
Cortical porosity (%) 60.3+22.5 4-10 %*
Structure Model Index -0.8 (-7.7 to 0.7)7 1.15+0.61
Degree of Anisotropy 2.04+£0.8 1.49+0.18
Connectivity density
(1/ um3) 31(-59to 101) -

Histomorphometry BV/TV (%) 27.1+11.6 21-29%

TbTh (um) 157.7 £60.2 90-175 um
TbN (1/mm) 1.83+0.75 1.1-2.2/mm
TbS (um) 368.5 (273.3 — 566.4) 280-658 pum

Abbreviations: Trabecular bone volume (BV/TV %), trabecular thickness (TbTh), trabecular number (TbN),
trabecular separation (ThS), surface to curve ratio (S/C), erosion index (El). *Cortical thickness and porosity vary
by age and sex. Thresholding and voxel size may differ from current study. *Median (Range). #No validated
normative data is currently available for structural parameters derived by MRI

92



Table 2 — Biochemical parameters of the study cohort (n = 16), median + SD or median (IQR)

Biomarker Values Normal range
Calcium 2.45+0.11 2.10-2.60 mmol/L
Phosphate 2.1+0.46 0.75-1.50 mmol/L

Parathyroid hormone

Alkaline phosphatase

25-Hydroxyvitamin D

45.3 (26.8-64.8)

89.5 (67.5-131.8)

65.2+21.2

1.7-10.0 pmol/L
30-120 I1U/L

55-108 nmol/L
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Table 3 — Correlations, Pearson’s (r), between trabecular and cortical microarchitecture

parameters measured by MRI and bone histomorphometry measured by micro-CT

Modalities
Parameters BV/TV
Micro-CT BV/TV 0.25
(lliac crest)
TbTh 0.05
TbN 0.21
TbhS -0.52
CtTh 0.01
SMI 0.25
DA 0.28
Conn. D (1/ 0.46
pm3)

TbTh

0.30

-0.09

0.25

-0.60*

-0.01

0.18

0.35

0.51

TbN

0.24

-0.03

0.20

-0.48

0.01

0.23

0.30

0.46

MRI (Tibia)
TbS
-0.28
-0.06
0.22
0.45
-0.04
-0.24
-0.29

-0.45

CtTh

-0.43

0.06

-0.24

0.06

0.20

s/C
0.30
-0.61*
0.60*
-0.51
-0.62*
-0.11

0.39

0.49

El

-0.34

0.43

-0.47

0.63*

0.41

0.11

-0.53

-0.53

Abbreviations: Surface to curve ratio (S/C), erosion index (El), trabecular bone volume (BV/TV %), trabecular

thickness (TbTh), trabecular separation (TbS), cortical thickness (CtTh), Structural model index (SMI) — relative

index of rods and plates or cavities if negative), Degree of anisotropy (DA), Connectivity density (Conn.D)

*p<0.05; **p<0.01
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Table 4 — Associations of trabecular and cortical microarchitecture parameters measured by
MRI (mean + SD) with bone mineral density findings at the femoral neck (according to the

WHO classification)

Value in patients with Value in patients with
MRI parameter R .
osteopenia osteoporosis
Surface to curve ratio 5.5+0.85 3.6+£2.1*
Erosion Index 0.90+0.1 1.3+0.6
Bone volume (%) 11.0+£2.2 7.2+0.8*
Trabecular thickness (mm) 0.13 £ 0.006 0.12 £ 0.0*
Trabecular number (1/mm) 0.86 +0.14 0.62 £0.1*
Trabecular separation (mm) 1.05+0.2 1.5+0.25**
Cortical thickness (mm) 2.7+0.51 2.4+0.46

*p<0.05 compared to subjects without osteopenia or osteoporosis respectively

**p<0.01 compared to subjects without osteopenia or osteoporosis respectively
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Figures
Figure 1 - Intensity-inverted magnetic resonance images (MRI) of distal tibia of two study
participants respectively showing (A) compact cortical bone and well-connected trabecular

bone compartment; and (B) thinned and porous cortical bone and disconnected trabecular

bone regions.

96



Figure 2 - Representative micro-CT images of a biopsy obtained from a study subject showing
trabecular (white arrow) and cortical bone (black arrow) compartments in (A) biopsy core, (B)

two-dimensional section, and (C) three-dimensional section.
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Figure 3 — Correlations, Pearson’s (r), between trabecular topological parameters derived by

MRI of distal tibia (MRI) with those at the iliac crest by 2D-histomorphometry
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Supplementary Table 1 - Mean values of lumbar

mineral density (BMD) determined by DXA

spine, femoral neck and total hip bone

Site Variable Mean+SD
Absolute BMD
2 1.0+£11.3
Lumbar spine (8/cm*)
T-score -0.65 £0.92
Absolute BMD
2 0.71+/-0.13
Femoral neck (g/cm?)
T-score -1.56 £1.01
Absolute BMD
2 0.88 £0.13
Total proximal femur (g/cm?)
T-score -0.88 £+ 0.82
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Supplementary Table 2 — Correlations, Pearson’s or Spearman’s (r), between trabecular and

cortical microarchitecture parameters measured by MRI with bone mineral density (BMD) by

DXA
Modalities MRI (Tibia)

Parameters BV/TV TbTh TbN TbS CtTh S/C El
LS BMD -0.26 -0.28 -0.26 0.18 0.14 0.13 -0.10
LS T Score -0.30 -0.32 -0.30 0.22 0.02 0.07 -0.02
FN BMD 0.46 0.50 0.45 -0.53* 0.09 0.71%* 0.61*

DXA
FN T Score 0.42 0.47 0.41 -0.50 -0.00 0.69%* -0.59*
TH BMD 0.62* 0.65* 0.62* -0.72** 0.27 0.67** 0.56*
TH T Score 0.57* 0.65* 0.54* -0.55* 0.26 0.68** 0.75**

Abbreviations: Surface to curve ratio (S/C) and erosion index (El) by MRI, trabecular bone volume (BV/TV %),

trabecular thickness (TbTh), trabecular separation (TbSp), cortical thickness (CtTh), lumbar spine (LS), total hip

(TH), femoral neck (FN)

*p<0.05; **p<0.01
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CHAPTER 4: CHANGES IN BONE MICROARCHITECTURE FOLLOWING

KIDNEY TRANSPLANTATION — BEYOND BONE MINERAL DENSITY
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Summary

Bone disease in kidney transplant recipients (KTRs) is characterised by bone mineral density
(BMD) loss but bone microarchitecture changes are poorly defined. In this prospective cohort
study, we evaluated bone microarchitecture using non-invasive imaging modalities; high-
resolution magnetic resonance imaging (MRI), peripheral quantitative computed tomography
(pQCT), dual energy X-ray absorptiometry (DXA) and the trabecular bone score (TBS)
following kidney transplantation. Eleven KTRs (48.31£11.2 years) underwent MRI (tibia), pQCT
(radius) and DXA at baseline and 12 months post-transplantation. Transiliac bone biopsies,
performed at transplantation, showed 70% of patients with high/normal bone turnover.
Compared with baseline, 12-month MRI showed deterioration in indices of trabecular
network integrity - surface to curve ratio (S/C;-15%,p=0.03) and erosion index
(El;+19%,p=0.01). However, cortical area increased (+10.3%,p=0.04), with a non-significant
increase in cortical thickness (+7.8%,p=0.06). At 12 months, parathyroid hormone values
(median 10.7 pmol/L) correlated with improved S/C (r=0.75,p=009) and El (r=-0.71,p=0.01)
while osteocalcin correlated with cortical thickness (r=0.72,p=0.02) and area (r=0.70,p=0.02).
TBS decreased from baseline (-5.1%,p=0.01) with no significant changes in BMD or pQCT.
These findings highlight a post-transplant deterioration in trabecular bone quality detected
by MRI and TBS, independent of changes in BMD, underlining the potential utility of these

modalities in evaluating bone microarchitecture in KTRs.

Keywords: post-transplant bone disease, fracture, magnetic resonance imaging, bone

mineral density, trabecular bone score, kidney transplantation
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Introduction

Fractures are a common and serious clinical complication of the mineral and bone disorder
(MBD) that is almost ubiquitous in patients with chronic kidney disease (CKD). A number of
epidemiological studies have highlighted that CKD predisposes to a dramatic increase in
fracture risk and resultant morbidity and mortality when compared to an age and gender-
matched population without CKD [1-4]. Kidney transplantation is the optimal treatment for
end-stage kidney disease (ESKD) but does not attenuate the susceptibility to fracture. Indeed,
fracture risk has been reported up to 34% higher in the first two years post transplantation
compared to the preceding period on dialysis [5], with a fracture incidence up to 22.5% over
the first five years post transplantation [6]. In addition, kidney transplant recipients (KTRs)
have higher rates of hospitalization and mortality after fracture than do people in the general
population [7]. Although reductions in bone mineral density (BMD) after transplantation have
been extensively reported, there is a paucity of post-transplant data regarding modifiable risk
factors for fracture [8]. Improved graft and patient survival has further emphasized the
importance of optimising long-term clinical outcomes including risk of fracture and

cardiovascular disease in KTRs.

Post-transplant bone disease is multifactorial, and includes effects of immunosuppressive
therapy, persisting hyperparathyroidism, ‘hyperphosphatoninism’ and the consequences of
post-transplant impairment of renal function (CKD-T) superimposed on pre-existing renal
bone abnormalities [9]. The diagnosis and management of post-transplant bone disease is
therefore difficult, with limited validation of available diagnostic tools to evaluate changes in
bone structure or predict fracture risk. Although accelerated loss of BMD in the first year after

transplantation has been described as the hallmark of post-transplant bone disease [10-12],
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recent studies have demonstrated a more conservative estimate of early BMD loss with long
term values nearer to average for age and gender [13]. The focus of contemporary research
has been on change in bone microarchitecture post kidney transplantation and its potential
relationship to bone fragility and biomarkers [14-18]. A few studies based on
histomorphometry have addressed this issue [18-21] and, more recently, studies involving
non-invasive imaging, such as high-resolution peripheral quantitative computed tomography
(HR-pQCT) [15], high-resolution magnetic resonance imaging (MRI) [14, 22] and the
Trabecular Bone Score (TBS) [23-26] have focused on defining changes in bone

microarchitecture.

In this prospective, observational study over the first 12 months following transplantation,
we report changes in bone microarchitecture and bone mass that were assessed using non-
invasive techniques: high-resolution MRI (tibia), dual-energy X-ray absorptiometry (DXA) to
assess BMD and the TBS, peripheral quantitative computed tomography (pQCT, radius) and

changes in biochemical markers.

Materials and Methods

Study participants

All patients referred for a living donor kidney transplant at The Royal Melbourne Hospital
between December 2014 and January 2016 were eligible for this study, providing they had no
contraindication to MRI, and were not participating in another trial. The protocol was
approved by the local ethics committee and all patients provided informed consent. A total
of 27 patients planned for living donor kidney transplantation were approached for this study.

Five transplant surgeries were rescheduled or cancelled for clinical or logistical reasons.
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Fourteen of the remaining 22 patients were recruited and underwent kidney transplantation.
Eleven of these patients completed follow up at 12 months. Among the exclusions, two
patients moved to a different state for post-transplant care and one patient had to undergo

nephrectomy after transplantation and was not included in analysis.

Immunosuppressive therapy

Patients received induction with basiliximab and methylprednisolone (500mg) and
subsequently maintenance immunosuppression comprising tacrolimus, mycophenolate
mofetil and prednisolone. Initial prednisolone dose was 25mg daily, tapered over 3-months
to a maintenance dose of 5 mg/day. Beyond three months, triple immunosuppression was
continued in the absence of any abnormal findings on protocol transplant biopsies (at 3 and
12 months post-transplant) or a clinical indication to the contrary determined by the treating

team.

Bone histomorphometry

Transiliac biopsies were performed using a modified Bordier trephine (Landanger) in 10 of 11
participants at the time of transplantation. The transiliac cores measuring 7mm in diameter
were analyzed by histomorphometry and micro computed tomography (micro-CT) and were
classified by Turnover (T), Mineralisation (M) and Volume (V) using the Kidney Disease
Improving Global Outcomes (KDIGO) recommended classification [27]. Methodology relating

to bone biopsies has been described previously [28].
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Noninvasive Assessment of Bone

MRI

MRI images were obtained within 2 weeks preceding transplantation (baseline) with a
commercial 3.0-Tesla whole-body imager (Siemens Trio, Germany) and at 12 months after
kidney transplantation. Participants were imaged in a feet-first prone position. MRI
acquisitions were performed at the left tibial metaphysis using a three dimensional (3D) ‘fast
spin echo’ pulse sequence readily available on any clinical MRI system requiring a scan time
of 12 minutes. This was undertaken utilizing a commercially available eight-channel
radiofrequency (RF) extremity coil used in clinical practice. MRI parameters include 0.273 mm
x 0.273 mm x 0.6 mm voxel size, 70 mm x 70 mm x 19.2 mm field-of-view, 53ms repetition
time, 16ms echo time, 12 averages, and echo train length of two. Raw MRI data was pre-
processed via bone volume fraction (BVF) mapping and segmentation of the bone into
trabecular and cortical compartments for structural measurements and topological analysis
using published algorithms [29]. Topological analysis of the trabecular network was
performed and two composite parameters, reported to be sensitive to microstructure of bone
[30, 31], were calculated. The first of these, surface/curve ratio (S/C) is the ratio of all surface
voxels to all curve voxels with the former representing plate-like elements and the latter being
a marker of rod-like elements of the trabecular network. Age and disease related
deterioration of trabecular bone involves conversion of plate (surface) like trabeculae to rod
(curve) like trabeculae. A higher S/C therefore indicates improved trabecular structure and
strength. Trabecular deterioration also involves erosion of trabecular elements, which is
measured by the Erosion Index (El), defined as the ratio of all topological parameters (image
voxel parameters representing various trabecular elements) expected to increase, to those

parameters likely to decrease with network erosion caused by osteoclastic resorption. A
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higher ratio is consistent with greater deterioration. Both S/C and El are derived parameters

which have been validated and used in previous studies [30, 31].

DXA-derived BMD and TBS

Participants underwent baseline and 12-month BMD measurements by DXA (QDR-4500
Discovery, Hologic, Waltham, MA), at the lumbar spine, femoral neck and total proximal
femur. BMD values were expressed in g/cm?and as T -scores. TBS is a novel indirect index of
trabecular microarchitecture derived from pixel greyscale texture variations in the lumbar
spine images acquired by DXA [32]. TBS iNsight Software (version 3.0.2.0; Medimaps) was
used to calculate TBS values for the lumbar spine (L1-L4). A higher TBS score is consistent with
better trabecular connectivity and a reduced risk for microarchitectural damage, while a
lower TBS is consistent with increased risk for microarchitectural damage. Based on results of
two recent studies [23, 24], a TBS cut point of 1.37 was used to stratify patients to reduced or

increased fracture risk.

Peripheral quantitative computed tomography (pQCT)

Three dimensional pQCT tomographic images can be used to assess cross-sectional structure
and volumetric density. We used pQCT (Stratec XCT-300, Germany) at the distal radius to
derive total, cortical and trabecular volumetric BMD (vBMD), cortical thickness (CtTh) and
cortical area (CtA) at baseline and 12 months. All DXA and pQCT scans and TBS measurements
were performed at one center by a single operator not involved in the care of study

participants and blinded to other study measurements.
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Laboratory measurements

Blood samples for routine biomarkers were obtained before transplantation and at 3, 6 and
12 months post transplantation. Serum concentrations of intact parathyroid hormone (iPTH)
were determined using Architect Intact PTH (Abbott Laboratories, USA) chemiluminescent
microparticle immunoassay (CMIA). Bone turnover markers and serum 1,25-
dihydroxyvitamin D (1,25[0OH];D) were also measured at baseline, 6 and 12 months.
Osteocalcin (OC) and procollagen type 1 N-terminal propeptide (P1NP), markers of osteoblast
activity, and the osteoclastic resorption marker beta-cross linked telopeptide (B-CTx) were
assayed by an electrochemiluminescence immunoassay (Elecsys®, Roche, Switzerland).

Serum 1,25[0OH],D was measured by radioimmunoassay (Immunodiagnostic Systems Ltd).

Statistical methods

Results are presented as mean (+/- standard deviation) for normally distributed continuous
variables and as median (and interquartile range) for continuous variables with skewed
distributions. Wilcoxon signed-rank test was used to assess changes in parameters between
baseline and at 12 months post transplantation. Correlation analyses using Spearman
correlation coefficient were conducted to investigate associations between longitudinal
changes in parameters obtained by various modalities. A two-tailed p value <0.05 was
considered statistically significant. Stata statistical software package (version 11.0, Stata

Corporation, College Station, TX) was used for analysis.
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Results

Participant characteristics

Baseline demographic characteristics and potential bone modulating medications prior to and
after transplantation are shown in Table 1 and Table 2 respectively. The mean age of
participants was 48 * 11 years, 72.7% were male and mean body mass index of the cohort
was 26.4 + 4.1 kg/m?. Glomerulonephritis (36.3%) was the most common cause of ESKD
followed by reflux nephropathy (27.2%) and diabetes mellitus (18.1%). Seven (63.6%)
participants were on dialysis (mean duration 19.4 + 16.7 months) and 4 underwent pre-
emptive kidney transplantation. None of the participants received anti-resorptive therapy
prior to or after transplantation. There was one episode of biopsy proven acute cellular
rejection treated with methylprednisolone and increased tacrolimus and mycophenolate. The
remainder of participants continued on maintenance immunosuppression, including
prednisolone 5 mg daily, after their respective 3-month protocol biopsies. The mean

cumulative dose of prednisolone over 12 months per patient was 3244 +/- 68.6 mg.

Bone histomorphometry

Ten patients had baseline bone histomorphometry with 4 (40%) having evidence of high bone
turnover, 3 normal and 3 low turnover. Mineralisation was abnormal in 4 and trabecular bone
volume was normal in 7 and low in 3. By micro-CT mean cortical thickness was reduced and

cortical porosity was increased in all patients [28].

Longitudinal changes in bone microarchitecture by MRI
At 12 months there was deterioration in MRI-derived parameters of integrity of the trabecular

network. S/C, indicating the plate to rod ratio of trabeculae, decreased by 15% (p=0.03) from
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baseline. El, which increases with trabecular deterioration, increased by 19% (p=0.01) (Table
4, Figure 2). There were no statistically significant differences between pre and post
transplantation trabecular bone volume, trabecular number and trabecular separation. Post
transplantation cortical area increased significantly by 10.3% (p=0.04) while there was a non-

statistically significant 7.8% increase in cortical thickness (p=0.06).

Longitudinal changes in pQCT
By pQCT at the radius there was a non-significant increase in cortical thickness. There were
no longitudinal changes in pQCT derived cortical or trabecular area or in total, cortical or

trabecular volumetric BMD.

Longitudinal changes in DXA-derived BMD and the TBS

At the time of transplantation, 80% of the study participants met BMD criteria for osteopenia
or osteoporosis at the femoral neck. The median T-score at the femoral neck was -1.6 (-2.4 to
-0.6), whereas T-scores at the total proximal femur and lumbar spine were in the normal
range (Table 3). At 12 months, there was a 2.2% decrease in lumbar spine BMD (mean change
-0.22 g/cm2 [-0.56, 0.12], a 2.7% decrease in femoral neck BMD (mean change -0.10 g/cm2 [-
0.39,0.19]) and a 1.1% increase in BMD at the total hip (mean change 0.1 g/cm2 [-0.14, 0.34]),

with none of these changes reaching statistical significance.

Prior to transplantation the mean TBS was 1.27 + 0.11, with 9 of 11 (81.8%) patients having a
TBS below 1.37. The mean TBS decreased at 12 months to 1.21 + 0.12 (p = 0.02) with 10 out
of 11 (90.9%) patients having a TBS lower than 1.37. The TBS at baseline and follow-up, was

not significantly related to BMD or any structural parameter derived by MRI.
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Changes in biochemical markers

Baseline and 12-month follow up biochemical parameters and bone turnover markers are
presented in Table 3. Immediately before transplantation, the median serum iPTH was 43.6
(16.5 — 57.5) pmol/L, which is within the target range recommended by the KDIGO Chronic
Kidney Disease-Mineral and Bone Disorder (CKD-MBD) guidelines. At 12 months, 54.5% of
patients had mild persistent hyperparathyroidism with median PTH 10.7 (7.4 — 17.0) pmol/L.
With return of renal function, values of 1,25[0OH];D rose by 78% from baseline to 6 months
and remained stable within the normal reference range to 12 months. Values of bone
turnover markers affected by renal function (OC, B-CTx and P1NP) fell from the pre-transplant
period to 12 months as expected. On the other hand, alkaline phosphatase (ALP), which
reflects osteoblast activity and is not influenced by renal function, did not change significantly
from pre-transplant to 12 months. As indicated in Figure 1, mean values of serum P1NP, B-
CTX and OC had all fallen towards the upper normal range by 6 months, with no statistically

significant change from 6 to 12 months.

Associations of laboratory variables to structural parameters

Pre-transplant values of serum PTH, P1INP, B-CTx and OC were not significantly associated
with any structural MRI parameters. However, at 12-months, levels of PTH correlated to S/C
(r=0.75; p =0.009) and El = (r -0.71; p = 0.01) but not to other structural parameters (Figure
3). OC levels at 12 months correlated to MRI derived cortical thickness (r=0.72; p=0.02) and
area (r=0.70; p=0.02) at the tibia. OC also correlated to pQCT parameters of cortical thickness
(r=0.70; p=0.03) and area (r=0.67; p=0.05) at the radius. On the other hand, values of serum
PTH and the assayed bone turnover markers were not correlated to any BMD value or the TBS

at baseline or 12 months.
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Clinical outcomes

One patient (with type 2 diabetes mellitus and PTH 65 pmol/L at baseline) was diagnosed with
avascular necrosis of both hips after the study period completed, and subsequently sustained
a spontaneous trochanteric fracture requiring total hip replacement. There were no clinically

detected incident fractures during the 12-month study period.

Discussion

After kidney transplantation, factors contributing to deterioration in bone quality include
immunosuppressive therapy, abnormalities in mineral homeostasis and remodelling
superimposed upon pre-existing renal osteodystrophy. Although post transplantation loss of
bone mass or BMD has been well documented, changes in bone microarchitecture are not
well described. In this study, we aimed to define changes in bone microarchitecture over the
first post-transplant year using a combination of high-resolution imaging techniques and

biochemical markers of bone turnover.

In this cohort study of 11 KTRs with predominantly high or normal turnover at baseline,
changes in some MRI parameters and the TBS were consistent with deterioration in
trabecular network and connectivity, while MRI suggested an improvement in cortical
microarchitecture over 12 months post transplantation. Notably, there were no statistically
significant changes in BMD by DXA, despite a significant decline in the TBS to values associated
with an increased fracture risk [24]. These changes in bone were accompanied by changes in

biomarkers of mineral metabolism, which were concordant with published data [33, 34].
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Progressive deterioration in trabecular connectivity and microarchitecture after
transplantation is clinically relevant because it may increase bone fragility without
guantifiable changes in bone volume. It has previously been reported that the conversion of
trabecular structure from plate-like to rod-like and disruption of network connectivity
adversely impacts mechanical strength of bone [35], is associated with aging and osteoporosis
[36-38] and discriminates between participants with or without fractures in imaging studies
[30, 39]. The observed relationship of post-transplantation PTH values to improvements in
the S/C and El measurements, likely reflects an anabolic effect of mild hyperparathyroidism

on trabecular bone [40].

The MRI-derived longitudinal improvement in cortical microarchitecture in our study is
contrary to changes reported by contemporary imaging studies in kidney transplantation [14,
15]. The only other MRI study to longitudinally evaluate cortical and trabecular
microarchitecture in KTRs reported a decline in cortical, trabecular, and whole-bone stiffness
at 6 months after transplantation in the absence of any significant corresponding changes in
microarchitecture or BMD [14]. However, lyer et al. investigated bone structure changes in
KTRs on an early corticosteroid withdrawal regimen and demonstrated a decrease in HR-
pQCT-derived cortical area (-3.9%, radius; -2.7% tibia) and thickness (-3.1%, radius; -1.9%
tibia) and an increase in cortical porosity at one-year post transplantation [15]. This decrease
in cortical thickness and area was related to higher PTH levels. In comparison to the study by
lyer et al, the participants in our study had higher baseline PTH (43.7 pmol/L vs 27 pmol/L),
were generally more osteopenic (mean T-score -1.5 vs -0.8) and were on traditional
corticosteroid regimen. The overall results should be interpreted in the context of these

differences. Participants in the present study were also significantly younger with only two

113



(of 11) over 55 years of age compared to 27 (of 47, 57%) patients above 55 years of age in the
study by lyer et al. Notably cortical deterioration occurs with advancing age and is more
common in people above 60 years of age. Few other studies have described longitudinal

changes in cortical bone post kidney transplantation.

In contrast to previously published data about the predominance of low bone turnover in
ESKD patients [41, 42], 70% of our participants had features of high or normal bone turnover
at the time of transplantation, accompanied by universally thin cortices on micro-CT but with
relatively preserved trabecular bone volume — an overall picture suggestive of moderate to
severe secondary hyperparathyroidism. We postulate that the improvement in MRI-assessed
cortical microarchitecture in our study is likely a result of suppression of excessive bone
resorption and unmasking of bone modelling due to a decline in PTH levels and represents a
partial correction of hyperparathyroidism-related bone changes after kidney transplantation.
This release from excess remodelling and endocortical resorption may lead to net adaptive
periosteal apposition and a stabilisation or increase in cortical surface area and thickness [43,
44]. In our study, the relationship between post transplantation osteocalcin levels and cortical
thickness and area at both the tibia (MRI) and the radius (pQCT) are suggestive of net bone
formation. Similar to these conclusions, a recent study of paired bone biopsies at baseline
and one-year post transplant reported significant declines in parameters of bone resorption
at one year, with no changes in other static parameters [18]. Trabecular bone volume was
also normal in most patients at baseline and only decreased minimally after transplantation.
Julian et al, in an early prospective histomorphometry study, also reported similar
normalisation of osteoclast resorption markers and resolution of hyperparathyroidism at 6

months post transplantation [10].
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Currently, there is no reference range for TBS for individuals with CKD because of the relative
lack of studies investigating its utility in CKD [26, 45] and renal transplantation [24, 25]. Two
studies have proposed values of the TBS to discriminate between subjects with and without
fracture in CKD stages 3-4 (TBS less than 1.27) [45] and in KTRs shortly after kidney
transplantation (TBS less than 1.37) [24]. In the current study we observed a significant
decline in mean TBS at 12 months post transplantation from a baseline score already
consistent with an increased fracture risk. It is possible that the TBS is reduced early after
transplantation with recovery over the longer term [25]. The longitudinal decline in TBS
paralleled the MRI-derived deterioration in trabecular architecture and was unrelated to areal
or volumetric BMD changes. By comparison, we observed no significant decline in BMD over
12 months. This is consistent with contemporary data showing more stable BMD long term
after transplantation [13, 18] and may represent a recovery after loss of bone mass early after

transplant [10].

Our study has several limitations. The small sample size limits its statistical robustness and
restricts the ability to apply regression analysis to evaluate predictors of changes in bone
microarchitecture. This includes the effects of bone-modifying treatments on changesin bone
structure. Also, being a single-center study, the relevance of our findings to other centers is
limited. Despite these limitations, our study is one of very few to explore longitudinal changes

in bone structure after transplantation using high-resolution imaging.

In summary, using MRI and DXA-derived TBS in a small sample of relatively young living donor
KTRs, we identified changes consistent with a progressive deterioration in trabecular bone

quality and an increased fracture risk. The lack of significant interval changes in BMD or pQCT
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parameters accentuates the potential importance of assessing bone health post
transplantation by alternate means. The preservation of cortical structure in our cohort,
although different to available data, may represent a partial correction of bone abnormalities
related to secondary hyperparathyroidism. Overall, our study highlights the heterogeneous
nature of bone microarchitecture changes in post-transplant bone disease and supports
further investigation of non-invasive imaging modalities in larger prospective trials to assess
the evolution of histologic and structural changes in bone after transplantation. Changes in
MRI parameters and the TBS may be of particular interest for detecting changes that may

increase post-transplant fracture risk.
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Tables

Table 1. Demographic parameters at the time of transplantation (n = 11)

Variable Values
Age at surgery (years) 48.3+11.2
Gender (n of males) 8
Body mass index (kg/m?) 26.4+4.1
Cause of ESKD (n)

- Glomerulonephritis 4

- Reflux nephropathy 3

- Diabetes mellitus 2

- Hypertension 1

- Polycystic kidney disease 1
Dialysis: HD / PD / None (n) 3/4/4
Parathyroidectomy (n) 1

Abbreviations: ESKD, end-stage kidney disease; HD, hemodialysis; PD, peritoneal dialysis
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Table 2. Bone modulating therapy prior to and after transplantation (n = 11)

Bone Modulating Therapy At transplantation (n) Post-transplantation (n)
Cinacalcet 1 1
et e :
Calcitriol 4 3
Cholecalciferol 3 5
Prednisolone 3 11

Abbreviations: CBB, calcium containing binders; NCBB, non-calcium containing binders
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Table 3. Biochemical parameters at the time of transplantation and at 12 months follow-up

Biomarker Baseline 12 months P value
Creatinine (mmol/L)* 501+54.3 106.2 £21.5 0.003
eGFR* 10.4+2.0 67.1+11.2 0.003
Calcium (mmol/L) 2.45+0.13 2.47 +£0.11 0.82
Phosphate (mmol/L) 1.98 £ 0.39 1.00+0.16 0.003
iPTH (pmol/L) 43.6 (16.5 - 57.5) 10.7 (7.4 - 17.0) 0.01
ALP (1U/L) 79.0 (66.0—-111.0) 84.0 (68.0 —109.0) 0.79
25[OH]D (nmol/L) 63.7+24.0 86.0 +£29.4 0.14
1,25[0H]2D (nmol/L) 38.5(20.0 — 72.5) 144.5 (97.0 - 173.7) 0.01
OC (ng/ml) 125.8 (30.8 -161.7) 24.3(20.3-38.1) 0.01
B-CTx (ng/ml) 1.08 (0.81-2.3) 0.69 (0.41-1.24) 0.02
PINP (ug/L) 134.2 (43.0 - 269.2) 66.0 (42.8-117.0) 0.20

Abbreviations: eGFR, estimated glomerular filtration rate; iPTH, intact parathyroid hormone; ALP, alkaline
phosphatase; 25[0OH]D, 25-hydroxyvitamin D; 1,25[0OH],D, serum 1,25-dihydroxyvitamin D; OC, osteocalcin; B-

CTx, beta-cross linked telopeptides; P1INP, procollagen type 1 N-terminal propeptide

*Values at baseline for pre-dialysis patients receiving pre-emptive transplants only (n=4)

123



Table 4. Bone microarchitecture parameters measured by magnetic resonance imaging (MRI),

bone mineral density (BMD) determined by dual energy x-ray absorptiometry (DXA) and

peripheral quantitative computed tomography (pQCT) and Trabecular Bone Score (TBS) at the

time of transplantation and at 12 months follow up

Modality Parameter Baseline 12 months P value

S/C 55+1.50 4.6+1.66 0.03

El 0.9+0.29 1.11+0.34 0.01

BV/TV (%) 10.0+2.1 99+24 0.76

TbTh (um) 125.0+5.3 125.7+5.0 0.33

MRI TbN 0.80+0.14 0.77£0.14 0.54
(tibia) TbS (um) 1161.6 + 246.3 1187.1+241.1 0.72
CtTh (mm) 2.68 £ 0.55 2.89+0.64 0.06

Total area (mm?) 9788.8 + 1996.3 9931.0+2712.6 0.59

Trabecular area (mm?) 6692.2 +1742.4 6443.0 £ 2552.3 0.65

Cortical area (mm?) 3107.8 £692.5 3428.5 +811.5 0.04

LS BMD (g/cm?) 1.02£0.09 0.99 + 0.10 0.20

LS T-score -0.85 (-1.2 - 0.37) -0.9 (-1.5-0.15) 0.17

FN BMD (g/cm?) 0.70+0.14 0.69 +0.12 0.50

PXA FN T-score -1.5 (-2.4 - -0.6) -1.6 (-2.5--0.9) 0.47
TH BMD (g/cm?2) 0.86 +0.14 0.86 +0.11 0.50

TH T-score -0.9(-1.7 --0.25) -0.6 (-1.6 - -0.25) 0.30

TBS TBS 1.27+0.11 1.21+0.12 0.02
Tb vBMD (g/cm3) 186.8 + 48.7 174 +43.5 0.07

Ct vBMD (g/cm3) 1164.2 + 50.9 1161.4 +39.7 0.65

Total vBMD (g/cm3) 319.6 + 76.4 302 +69.2 0.20

pQCT (radius)

CtTh (mm) 2.62+0.50 2.72+0.45 0.20

Trabecular area (mm?) 176.6 £ 29.8 175.6 £ 34.02 0.81

Cortical area (mm?) 92.0+19.8 92.1+21.3 0.72
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Abbreviations: S/C, Surface to curve ratio; El, Erosion index; BV/TV, trabecular bone volume; TbTh, trabecular
thickness; TbN, trabecular number; TbS, Trabecular separation; CtTh, cortical thickness; LS, Lumbar spine; FN,
femoral neck; TH, total hip; vBMD, trabecular and cortical volumetric bone mineral density (Tb vBMD and Ct

vBMD

125



Figures
Figure 1. Longitudinal changes in levels (meanxSD) of parathyroid hormone (PTH) and bone

turnover markers after transplantation.
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*Comparison between values at baseline (0 months) and 12 months.

There were no statistically significant changes in 6-month and 12-month levels of bone turnover markers.
A Comparison of PTH values between 3 months and 12 months.
Abbreviations: PTH, intact parathyroid hormone; B-CTx, beta-cross linked telopeptides; P1INP, procollagen type

1 N-terminal propeptide
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Figure 2. Longitudinal changes in MRI-derived parameters of bone microarchitecture
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Figure 3. Relationship between parathyroid hormone (PTH) levels and parameters of

trabecular connectivity derived by MRI at 12 months post kidney transplantation
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CHAPTER 5: IMPACT OF CINACALCET PRE-TRANSPLANTATION ON

MINERAL METABOLISM IN RENAL TRANSPLANT RECIPIENTS

The research presented in this chapter has been published in the following article.
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Summary

Background: Cinacalcet is effective in reducing parathyroid hormone (PTH) in patients on
dialysis. Reports of biochemical profiles and other clinical outcomes in patients discontinuing
cinacalcet at time of renal transplantation are limited.

Methods: A retrospective study assessing markers of mineral metabolism, graft and patient
outcomes in renal transplant recipients to determine differences in patients discontinuing
cinacalcet (C+) compared with patients not treated with cinacalcet (C-) at time of
transplantation. To allow for differences between groups in pre-transplant biochemical
parameters, we also analysed a matched cohort of C- with C+ recipients (2:1), matched for
age, calcium and PTH levels at transplantation.

Results: 532 recipients (460 C-, 72 C+), transplanted Jan 2006- Dec 2012, were analysed, mean
age 48.0+/-12.7 years and 64.3% male. Median 42.9 months follow-up there were 10 deaths
(1.9%), 56 allograft loss (10.6%) and 5 parathyroidectomies post-transplant (0.8%). Median
PTH immediately pre-transplant was higher in C+ vs C- (50.7[25.4-75.2] vs 28.3[13.9—
49.7]pmol/L, p<0.001). Twelve-month post-transplant PTH was reduced but higher in C+
(11.7[6.9-21.2] vs 7.2[4.6-11.2]pmol/L, p<0.001). Mean calcium was higher for C+ vs C- at 12
months (2.50+/-0.19 vs 2.43+/-0.17mmol/L, p<0.001), with differences to 4 years post-
transplant. No difference was seen in renal function, graft loss, post-transplant
parathyroidectomy rate and mortality. In the matched cohort (144 C- vs 72 C+), similar
findings were also seen.

Conclusion: Differences in mineral metabolism post-transplant are seen with cinacalcet pre-
transplant compared to no cinacalcet. Transplant recipients discontinuing cinacalcet had

higher post-transplant PTH and calcium although the clinical significance is unclear.
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Introduction

Secondary hyperparathyroidism (SHPT) is associated with abnormalities in mineral
metabolism and is a progressive disease which affects a substantial proportion of patients
with chronic kidney disease (CKD).! Mineral and bone disorder in CKD (CKD-MBD), particularly
elevated levels of calcium, phosphate and parathyroid hormone (PTH), has been associated
with increased morbidity and mortality in numerous studies of patients with CKD and end-
stage kidney disease (ESKD) on dialysis.>? At the time of renal transplantation the majority of
patients with ESKD have SHPT.# Successful renal transplantation improves calcitriol synthesis
and appears to reduce PTH levels in most cases. However resolution of SHPT is incomplete in
up to 50% of renal transplant recipients at one year after transplantation even in the presence
of good renal allograft function.*® Hyperparathyroidism and hypercalcemia post-
transplantation have been associated with poorer graft outcomes,®’ soft tissue and vascular

calcification,®® and increased incidence of fractures.1°

Calcimimetic agents increase the sensitivity of the calcium sensing receptor (CaSR) to
extracellular calcium and have been an important therapeutic option in patients with
persistent SHPT despite use of standard therapies including phosphate binders and vitamin D
analogues. Cinacalcet, an allosteric modulator of the CaSR, has been approved for treatment
of SHPT in dialysis patients since 2004 in the United States (US), 2005 in Europe and 2007 in
Australia. Studies have reported efficacy in suppressing PTH secretion, reducing serum
calcium and phosphate levels, reducing the need for parathyroidectomy, and potentially
lowering fracture rate and reducing cardiovascular hospitalisation in dialysis patients.*13 In
a large randomised placebo-controlled trial evaluating the effect of cinacalcet on clinical

outcomes in dialysis participants however, there was no statistically significant difference,
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according to intention-to-treat analysis, for the primary outcome which was a composite end-
point of mortality and cardiovascular end-points, perhaps related to methodological
problems including drop-in and drop-out of the treatment arm and a predictably low event
rate in patients aged less than 65 years.'* In Australia, cinacalcet was approved in late 2007
for treatment of SHPT in patients with ESKD on dialysis, but not for use in renal transplant
recipients and has therefore been discontinued in most patients at the time of
transplantation. This potentially results in marked hyperparathyroidism and associated
metabolic consequences post-transplant leading to adverse biochemical and clinical

outcomes.

Few studies have attempted to evaluate the effects of discontinuing cinacalcet at the time of
transplantation on mineral metabolism (Table 1).1>*% 38 Studies are limited by low patient
numbers or lack of data concerning clinical outcomes. Most studies have found that a
proportion of patients receiving cinacalcet before transplantation develop hypercalcaemia
with persistent hyperparathyroidism and, in some cases hypophosphataemia, after renal
transplantation. We report a retrospective study of renal transplant recipients, transplanted
over a 7-year period, assessing markers of mineral metabolism and other patient outcomes
for up to 5-year follow-up. We aimed to determine differences in post-transplant biochemical
parameters and long-term clinical outcomes of graft function, parathyroidectomy rates and
survival in transplant recipients administered cinacalcet on dialysis prior to transplantation

compared to those who were not treated with cinacalcet.
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Methods

Study design and setting

We performed a single-centre retrospective study at The Royal Melbourne Hospital (RMH),
Parkville, Australia, which included all patients who received a renal transplant between 1%
January 2006 and 31 December 2012. We obtained information regarding patient
demographics, aetiology of ESKD, dialysis details, transplantation details (including date of
engraftment, graft number, mode, immunosuppressive therapy), comorbidities (including
parathyroidectomy pre-transplant), and patient outcomes such as graft loss, post-transplant
parathyroidectomy and mortality from our computerized nephrology database developed in-
house (Nephworks 6). Nephworks contains prospectively documented patient history,
medications, comorbid events and outcomes for all dialysis and transplant patients at RMH.
Blood results related to biochemical profile, namely serum levels of 25-hydroxy vitamin D
(25(OH)D), calcium, phosphate, PTH, alkaline phosphatase (ALP) and creatinine, were also
obtained. Patients administered cinacalcet therapy at the time of transplantation were
identified and classified as cinacalcet-treated patients (C+) whereas patients not administered
cinacalcet were designated cinacalcet non-treated (C-). Cinacalcet doses were retrieved and
included in the analysis. Patients who received cinacalcet after renal transplantation were
excluded from analysis and patients without at least 12-month follow-up data were also

excluded (those who moved interstate).

Biochemical parameters

Laboratory data relating to serum PTH, calcium, phosphate, ALP and creatinine included pre-
transplant levels and levels at 3, 6, 9 and 12 months post-transplantation as well as yearly

thereafter to 5 years post-transplant. Serum 25(0OH)D levels were available for patients at 12
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months post-transplantation but unfortunately not at the time of transplantation on all
patients. All biochemistry was performed at Melbourne Health Pathology at RMH. Serum
concentrations of intact PTH were determined wusing a solid-phase, two-site
chemiluminescent enzyme-labelled immunometric assay on the IMMULITE® 2000 Analyzer
(Siemens Healthcare Global, Erlangen, Germany). All other biochemical markers were
measured using standard assays and analyses were performed according to the
manufacturer’s instructions. The estimated glomerular filtration rate (eGFR) was calculated
according to the Modification of Diet in Renal Disease (MDRD) formula.?® Hypercalcemia was
defined as serum calcium level >2.60mmol/L and hyperparathyroidism a PTH level greater

than the upper range of normal for the assay (>7.0pmol/L).

Statistical methods

Results are presented as mean (+/- standard deviation) for normally distributed continuous
variables and as median (interquartile range) for continuous variables with skewed
distributions. The Kolmogorov-Smirnov test was performed to determine the distribution of
variables. For differences between groups, Student’s t test or the Mann-Whitney U-test was
used. For differences between periods, the paired Student’s t test or Wilcoxon’s test for
paired values was used. Given differences in demographic characteristics and baseline
biochemical data between C- and C+ groups (Table 2), we performed analysis of a matched
cohort of C- recipients (matching 2:1 with the C+ cohort) primarily to adjust for the differences
in age, duration of dialysis and severity of SHPT at time of transplantation. Similar statistical
analyses were performed to assess for biochemical changes post-transplantation as well as
other clinical outcomes. For associations among variables, linear regression was used,

considering variables with a P value <0.05 in the univariate analysis. A P value <0.05 was
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considered statistically significant. Stata statistical software package (version 11.0, Stata

Corporation, College Station, TX) was used for analysis.

Results

Study population and baseline results

A total of 543 renal transplants were performed over the 7-year period. 11 patients were
excluded from analysis; 2 received cinacalcet following transplantation and 9 were enrolled
in a randomised controlled clinical trial comparing cinacalcet and placebo in transplant
recipients.?! Demographic and baseline characteristics of our study population (n=532) are
shown in Table 2. Mean age of patients at the time of transplant was 48.0+/-12.7 years and
64.3% were male. Glomerulonephritis was the predominant cause of ESKD in the cohort
(29.5%) and 82.2% were undertaking dialysis at the time of transplantation (compared to

17.8% of transplants which were pre-emptive).

72 patients, 13.5% of the total cohort (Jan 2006-Dec 2012) were taking cinacalcet at the time
of transplantation. When considering only the time period after November 2007 when
cinacalcet was approved for use in Australia, these 72 patients accounted for 16.8% of the
cohort. The median daily dose of cinacalcet in C+ patients at time of transplantation was 60
mg (range 30-180mg). C+ patients were older than C- patients (50.2+/-12.4 vs 47.6+/-12.7

years. p=0.01).

The median PTH levels at the time of transplantation were higher in C+ vs C- patients
(50.7[25.4-75.2] vs 28.3[13.9-49.7]pmol/L, p<0.001). Mean serum calcium levels were

statistically lower in C+ vs C- (2.22+/-0.20 vs 2.31+/-0.23mmol/L, p=0.001) although
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phosphate levels were not significantly different between groups at the time of
transplantation. Mean ALP levels were greater in C+ vs C- patients pre-transplantation

(164.5+/-128.3 vs 95.0+/-48.51U, p<0.001).

Post-transplant biochemical parameters

Twelve months post-transplant median PTH was significantly higher in those administered
cinacalcet prior to transplant (11.7[6.9-21.2] vs 7.2[4.6-11.2]pmol/L, p<0.001) indicating
persisting hyperparathyroidism but showing marked improvement in both groups (Table 3).
Mean serum calcium was also significantly higher in C+ patients at 12 months (2.50+/-0.19 vs
2.43+/-0.17mmol/L, p<0.001). Mean ALP levels were not different between groups (103.6+/-
43.9 vs 97.0+/-41.61U, p=0.23). Serum 25(OH)D levels at 12 months following transplantation

did not differ between groups (57.8+/-26.0 vs 51.9+/-24.7 for C- vs C+ respectively, p=0.10).

The proportion of all patients at 12 months post-transplant with hypercalcemia was 17.1%,
with a greater proportion in the C+ group compared to C- (25.0% vs 16.2%, p=0.06) (Table 4).
Only 31 patients had severe hypercalcaemia (serum calcium >2.80mmol/L) at 12 months with
no difference between groups (p=0.23). Of all recipients at 12 months, 60.7% had high PTH
levels (>7.0pmol/L), with a significant difference between C+ and C- (76.4% vs 58.3%,
p=0.003). Differences in biochemical markers persisted post-transplant between groups, with
higher post-transplant serum calcium levels in C+ patients compared to C- present to 4 years
following the transplant and PTH levels significantly higher in C+ vs C- until 2 years post-

transplant.
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In relation to number of previous allografts, most transplant recipients in this study were first
graft recipients (83.2%) and the proportion of these patients with high PTH and high calcium
at 12 months post-transplant was 60.0% and 17.2% respectively. For recipients with a second
and third graft, 63.2% and 63.6% had high PTH and 18.4% and 10% had high calcium levels at
12 months following transplantation respectively (not statistically different to those with a
first graft).

Multivariate regression analyses with serum PTH at 12 months as the dependent variable
showed independent associations with PTH level at the time of transplantation, renal function
at 12 months post-transplant, and cinacalcet use pre-transplant. Serum calcium at 12 months
post-transplant was independently associated with age, pre-transplant calcium, PTH and ALP
levels, renal function 12 months post-transplant, and cinacalcet use at the time of

transplantation.

Cinacalcet dose

Most patients (n=52, 72.2%) were administered a dose of 60mg or less prior to
transplantation. Comparing the higher vs lower cinacalcet doses (>=60mg vs <60mg daily) the
mean PTH levels were 16.4+/-16.1 vs 16.0+/-11.4pmol/L (p=0.92) and mean calcium levels
were 2.57+/-0.17 vs 2.47+/-0.20mmol/L (p=0.06) respectively. Thus for those taking more
than 60mg daily there were no statistically significant differences in serum PTH or calcium

levels at 12 months compared to those prescribed lower doses.

Other clinical outcomes

At a median of 42.9 months follow up there were 10 deaths (1.9%), 56 recipients with failed

grafts (10.6%) and 5 parathyroidectomies performed in recipients post-transplant (0.8%)
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(Table 5). There were no differences in any of these clinical outcomes between the C+ and C-
groups, although the numbers of deaths and parathyroidectomies following transplantation

were low.

There was no difference in renal function between the two groups, at any stage out to 5 years

post-transplant, and no difference in graft failure rates in those who had received cinacalcet

compared to the C- group (Table 6).

Matched cohort

As there were significant differences in the severity of SHPT between groups at the time of
transplantation (and differences in some demographic parameters including age and duration
of dialysis), we matched 144 C- recipients for age and biochemical markers at the time of
transplantation (serum calcium and PTH) with the 72 C+ transplant recipients (matching 2:1)
for assessment of outcomes (Table 7). We found similar findings as with the total transplant
cohort in that post-transplant serum calcium levels were significantly higher up to 4 years and
PTH levels were higher to 12 months following transplantation in those who had previously
been administered cinacalcet (Table 8). Similar to the total cohort, there was no difference in
serum phosphate levels following transplantation between the matched C- cohort and the C+
group. Estimated GFR was also similar in matched C- recipients compared to C+, with mean
eGFR of 52.8+/-21.6 vs 54.4+/-24.1ml/min/1.73m? at 12 months and 50.9+/-25.6 vs 48.8+/-
22.7ml/min/1.73m? at 3 years post-transplant for C- and C+ groups respectively. Clinical
outcomes were also similar with no difference between matched C- and C+ in rates of graft
failure (9.2% vs 8.3%), post-transplant diabetes (15.1% vs 14.5%), post-transplant

parathyroidectomy (1.0% vs 1.4%) and overall mortality (1.4% vs 1.4%).
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Discussion

In this single-centre retrospective study, which has larger patient numbers and longer
duration of follow-up than previous reported studies,>'® we compared the post-
transplantation mineral profiles of renal transplant recipients treated with cinacalcet to those
who were cinacalcet-naive. We report differences between the two groups, mainly of higher
post-transplant serum PTH and calcium in those administered cinacalcet until time of
transplantation, up to 12 months and 4 years post-transplantation respectively.

Traditional treatment for SHPT consists of dietary phosphate restriction, vitamin D analogues,
and phosphate binding agents. The international Kidney Disease: Improving Global Outcomes
(KDIGO) CKD-MBD guidelines recommend parathyroidectomy in patients with severe SHPT
associated with hypercalcaemia and/or hyperphosphataemia that is refractory to medical
therapy.?? Calcimimetics are relatively new therapeutic agents introduced for the treatment
of SHPT over the last decade. Calcimimetics act by allosteric modification of CaSR on the
parathyroid gland, increasing its sensitivity to extracellular levels by decreasing PTH gene
expression 232* Cinacalcet hydrochloride remains the first and only commercially available
calcimimetic approved for clinical use to date. Over the last decade a number of studies have
demonstrated efficacy in lowering serum levels of PTH, calcium and phosphate with benefits
including reducing the risk of parathyroidectomy, fracture, cardiovascular hospitalisation,

and cardiovascular death in patients over 65 years in patients on dialysis with SHPT.11-14.25

Persistent hyperparathyroidism is common post renal transplantation. High PTH levels,
hypercalcaemia and duration on dialysis at the time of transplantation are risk factors for
persistent SHPT, especially in transplant recipients with subsequent suboptimal renal

function.* High PTH is noted in 17-60% of patients at 12 months following transplantation,*>
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and is a major determinant of post-transplant hypercalcaemia?® which occurs in 11-66% with
casemix and differences in diagnostic criteria accounting for the wide variation.®?’-2° Post-
transplant hyperparathyroidism can result in complications of worse graft outcome,®’ soft
tissue and vascular calcification®® and increased incidence of fracture.'® In our cohort, ~60%
of transplant recipients had high PTH and ~17% had hypercalcaemia at 12 months post-

transplant.

Cinacalcet, is efficacious in treating SHPT not responding to standard therapy in patients on
dialysis and has resulted in a decline in rates of parathyroidectomy. Parathyroidectomy is an
operation with appreciable mortality and morbidity in this cohort, and not analogous to single
gland parathyroidectomy in patients with primary hyperparathyroidism. A recent paper by
Ishani et al describes the problems associated with parathyroidectomy in the setting of
haemodialysis demonstrating the significant healthcare costs and burden of this procedure
in a US ESKD cohort.3° There is evidence however that cinacalcet is ineffective in promoting
the regression of parathyroid hyperplasia particularly where the gland volume is greater than

500mm? although this is controversial.3%32

Cinacalcet is not currently approved for use in transplant recipients and so is often
discontinued at the time of transplantation or very shortly thereafter. Our retrospective
cohort study determined the impact of discontinuation of this calcimimetic at the time of
transplantation on the biochemical profile and other clinical outcomes of patients after
transplantation and reports higher serum PTH and serum calcium levels, in the first 12 months
and 4 vyears post-transplant respectively, in patients prescribed cinacalcet prior to

transplantation compared with the cinacalcet naive cohort. Ongoing SHPT post-transplant
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leads to persisting abnormalities in metabolic bone parameters but by 5 years the difference

1519 show that biochemical

is small. Our results, in larger numbers than previous studies,
profiles after transplantation are relatively slow to correct although a trend in the right
direction. Nevertheless, use of cinacalcet prior to transplantation, and lower

parathyroidectomy rates, does not seem to have any significant impact on clinical outcomes

in this study.

There is limited data available regarding the effect of persistent SHPT and hypercalcaemia on
long-term renal graft and patient outcomes. It has been reported that hyperparathyroidism
particularly in combination with hypercalcaemia is associated with increased fracture risk®
and progression of coronary artery calcification.’ One study by Evenepeol et al looking at
protocol allograft biopsies demonstrated calcium and phosphate deposition was highly
prevalent in the early post-transplant period and was related to the severity of disturbance in
mineral metabolism.33 Despite the high prevalence of calcium phosphate deposition, the
clinical significance was unclear as no difference in renal function was evident at 36 months
between recipients with deposition and those without. In another study from the same group,
a higher incidence of nephrocalcinosis was demonstrated in recipients who had been treated
with cinacalcet prior to transplantation compared with cinacalcet-naive patients, over a
median follow-up of 35 months, although there was no difference in renal allograft function
between groups.*> Our study supports these findings with no difference in eGFR at a median
of 43 months post-transplant between groups despite higher PTH and calcium levels in those

prescribed cinacalcet prior to transplantation.
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There are several studies evaluating biochemical and clinical consequences of discontinuing
cinacalcet at the time of transplantation (summarised in Table 1).1>1° Discontinuing cinacalcet
may potentially result in a rebound of PTH levels in the early post-transplant period in renal
transplant recipients. Similar to our study findings, two prospective studies reported higher
PTH and calcium levels post-transplant consistent with persistent hyperparathyroidism.>16
One of these looked at differences in the dose of cinacalcet whilst on dialysis and reported
that ongoing or rebound hyperparathyroidism was only relevant for those receiving 60mg
daily or more.'® Evenepoel et al also showed a significantly higher parathyroidectomy rate in
cinacalcet-treated patients, particularly with increasing doses, whereas graft
nephrocalcinosis, although higher in cinacalcet-treated patients, did not reach statistical
significance.'® Barros et al, in a recently published prospective study, also reported higher
PTH and calcium levels at 6 months post transplantation, with 75% of patients taking a median
daily dose of 30 mg of cinacalcet pre-transplant.'® This study also evaluated the impact of the
phosphatonin fibroblast growth factor-23 (FGF23) post-transplant, reporting higher levels in
those administered cinacalcet prior to transplantation (although not statistically significantly
different compared to cinacalcet-naive patients). We found no difference in post-transplant
PTH or calcium levels in recipients on higher doses of cinacalcet (>60mg daily) compared to
lower (£60mg daily), although the percentage of patients on higher doses was small making

it difficult to draw conclusions from our data regarding the impact of cinacalcet dose.

Although cinacalcet is not currently approved for use post transplantation there have been a
number of studies of renal transplant recipients evaluating the impact of administration of
this medication in this population. A recent meta-analysis including 21 studies, 15 prospective

and six retrospective predominantly small observational studies with no randomized
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controlled trials, concluded that cinacalcet was a safe and effective treatment for post-
transplant hyperparathyroidism and suggested a role for cinacalcet as an alternative to
parathyroidectomy.3* One large retrospective study reported sustained control of serum PTH,
calcium and phosphate levels over three years in renal transplant recipients administered
cinacalcet for persistent SHPT.3> A more recent randomised placebo-controlled trial reported
a benefit of cinacalcet in transplantation to improve post-transplant hypercalcaemia, with a
75.4[63.8-87.1]% difference in achieving a serum calcium less than 2.55mmol/L compared to
placebo.?! It is interesting to note that despite the effectiveness in reducing PTH levels and
hypercalcemia in this study, there was no difference in renal function between the cinacalcet

and placebo arms.

Like previous retrospective studies we observed higher post-transplantation serum calcium
and PTH levels along with a higher proportion of hypercalcaemia in patients receiving
cinacalcet before transplantation compared with patients not on cinacalcet. Rebound or
persisting hyperparathyroidism and hypercalcaemia may be a significant clinical problem as
it may result in bone loss and may impair graft function either acutely, by inducing
vasoconstriction, or chronically, by mediating calcification of the tubulointerstitium
(nephrocalcinosis).®3%3” The main factors related to post-transplant hypercalcaemia are likely
PTH-mediated bone resorption and recovery of calcitriol levels. Recent clinical data also
support the theory that increased PTH-mediated calcium release from the skeleton is the
major pathophysiological mechanism underlying post-transplant hypercalcaemia, rather than
an increased renal tubular calcium reabsorption.?’ Although analysis of our data suggested
no association between cincacalcet-treated patients and mortality or the need for

parathyroidectomy post-transplant, the numbers of these events were too low to determine
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a clinically significant difference. There was also no association with allograft loss between
groups, although other studies have suggested that hypercalcaemia may potentially be
related to increased nephrocalcinosis and poorer graft outcomes. One previous study
reported a tendency for higher eGFR in cinacalcet-treated patients,'” however in our cohort
there was no significant difference in renal function between groups at any stage up to 5 years

post-transplant.

Recent literature has suggested that the use of cinacalcet at the time of transplantation may
exacerbate kidney injury and contribute to delayed graft function following transplantation.3®
One recent retrospective study reported on 36 transplant recipients who were administered
cinacalcet at the time of transplantation and, after matching with 61 recipients not on
cinacalcet, found an association between cinacalcet use and delayed graft function (42% vs
23% for cinacalcet group vs controls respectively). Unfortunately we did not have information

on delayed graft function in our transplant cohort to assess for this association.

There are several limitations of our study including the retrospective nature. We have
included all renal transplant patients over the study period (who had not been administered
cinacalcet post-transplant), however this cohort is likely representative of the transplant
population at our centre without selection bias. Our study is also the largest reported of renal
transplant recipients to date assessing the impact of cessation of cinacalcet at the time of
transplantation. Indication bias is a potential limitation given the retrospective nature of this
study as patients administered cinacalcet likely had more severe SHPT, compared to
cinacalcet-naive patients, which justified cinacalcet initiation during dialysis to avoid severe

complications of SHPT. We could not establish the duration of cinacalcet use in the cinacalcet-
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treated patients from our records and therefore the duration and degree of SHPT before
transplantation. However, we performed analysis of a matched cohort of transplant
recipients who had not been administered cinacalcet prior to transplantation, matching 2:1
with the cinacalcet recipients for age, duration of dialysis and degree of SHPT (serum calcium
and PTH) at the time of transplantation. This analysis revealed similar findings to comparison
between cinacalcet patients and cinacalcet naive patients in the total study group. Other
limitations of our study include the lack of 25(OH)D levels at the time of transplantation, and
no FGF23 and calcitriol levels at any time point, as well as no available data on fractures, bone
mineral density, indications for parathyroidectomy, nor medications that may have
influenced bone and mineral metabolism including bisphosphonates, phosphate binders and

vitamin D analogues or vitamin D supplements.

In summary, biochemical profiles are suggestive of persisting hyperparathyroidism upon
cessation of cinacalcet in patients at the time of transplantation and reinforce the need for
ongoing monitoring and management of this patient subgroup. However, no significant
adverse clinical outcome was noted in our cohort with the use of cinacalcet prior to
transplantation and this strategy likely avoids a significant number of parathyroidectomy
operations and consequent morbidity and mortality associated with this procedure. There is
conflicting evidence regarding the dose response relationship between pre-transplant
cinacalcet use and SHPT on its withdrawal which needs to be investigated and might provide
a guide to risk stratification of these patients. These findings provide impetus to the need for
not only larger interventional studies in this cohort but also further exploring the role of

calcimimetics in transplant recipients. More studies involving continuation of cinacalcet post-
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transplantation are required to determine the optimal treatment of SHPT in patients listed

for transplantation.
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Tables

Table 1. Studies evaluating post-transplant biochemical profiles in patients discontinuing cinacalcet at the time of transplantation

Study Year Study design Sample size ‘n’ Follow up — Results
(on cinacalcet)  mean (months)

Torregrosa et al*® 2009 Prospective 19 (19) 6 PTH and Ca higher in 6/19*
PTH and Ca unchanged in 13/194

Jadoul et al*’ 2010 Retrospective 38 (28) 12 No change in PTH, Ca and P

Evenepoel et al.* 2012 Prospective 303 (21) 35.6+15.8 PTH and Ca higher in cinacalcet-treated
Higher rate of parathyroidectomy and nephrocalcinosis
in cinacalcet-treated

Paschoalin et al.*® 2012 Retrospective 46 (46) 12 Cinacalcet pre-transplant not associated with allograft
calcification

Barros et al.t® 2014 Prospective 48 (20) 6 PTH and Ca higher in cinacalcet-treated

Weekers et al.3® 2015 Retrospective 97 (36) 1 Delayed graft function higher in cinacalcet-treated

Abbreviations: Ca, calcium; P, phosphate; PTH, parathyroid hormone;

*cinacalcet dose 2 60 mg/day; ” cinacalcet dose = 30 mg/day
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Table 2. Patient characteristics of all transplant recipients, divided according to those who

were not taking cinacalcet (C-) or administered cinacalcet (C+) at the time of transplantation.

Characteristics All (n=532) C- (n=460) C+ (n=72) P value
Age at transplantation (yrs) 48.0 +/-12.7 47.6 +/-12.7 50.2 +/-12.4 0.01
Gender (%M) 64.3 65.9 54.2 0.05
Cause of ESKD NS

- DM 8.0 7.8 8.7

- GN 29.5 30.1 28.2

- HT 3.8 3.7 4.3

- PCKD 15.9 153 20.3

- Reflux 16.5 16.3 17.4

- Other 26.3 26.8 211
Dialysis modality (HD/PD/pre- 53.8/28.4/17.8 50.1/30.3/19.6 71.5/21.1/7.4 0.03
emptive, %)
Duration on dialysis (yrs) 3.41 +/-2.53 3.53 +/- 2.58 2.59 +/- 2.08 0.009
DM (%) 24.6 23.8 29.6 NS
IHD (%) 10.6 9.4 13.9 NS
HT (%) 71.9 71.2 76.1 NS
Parathyroidectomy (%) 13.9 14.3 11.1 NS
Donor age (yrs) 52.8+/-13.4 53.2+/-12.8 50.3 +/-16.5 0.05
Living (%) 49.4 54.1 19.4 <0.001
First graft (%) 83.2 83.2 83.3 NS
Duration of transplant (mths) 45.0 +/-22.9 46.9 +/-23.1 32.3+/-17.0 <0.001

Abbreviations: DM, diabetes mellitus; ESKD, end-stage kidney disease; GN, glomerulonephritis; HD,

haemodialysis; HT, hypertension; IHD, ischaemic heart disease; PCKD, polycystic kidney disease; PD, peritoneal

dialysis
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Table 3. Biochemical parameters of mineral metabolism at time of transplantation and post-transplant in recipients who were either not taking

cinacalcet (C-) or previously administered cinacalcet until the time of transplantation (C+).

Time post Ca (mmol/l) Phos (mmol/L) PTH (pmol/L)
C- C+ P value C- C+ P value C- C+ P value
Pre-transplant 2.31+/-0.23 2.22 +/-0.20 0.001 1.73 +/- 0.59 1.64 +/-0.53 0.21 28.3(13.9-49.7) 50.7 (25.4-75.2) <0.001
3 mths 2.43 +/-0.17 2.51+/-0.17 <0.001 0.95 +/-0.29 0.92 +/-0.29 0.50 8.8 (5.0-14) 13.2 (8.6-24.6) <0.001
6 mths 2.44 +/-0.16 2.54 +/-0.17 <0.001 1.02 +/-0.51 0.93 +/-0.28 0.19 7.4(4.8-11.7) 12.0(7.5-20.1) <0.001
9 mths 2.44 +/-0.17 2.53 +/-0.15 <0.001 1.03 +/- 0.35 0.97 +/-0.32 0.20 7.9 (4.6-10.8) 13.1(7.8-21.6) <0.001
12 mths (n=532) 2.43 +/-0.17 2.50+/-0.19 0.001 1.02 +/-0.28 0.95 +/-0.41 0.07 7.2 (4.6-11.2) 11.7 (6.9-21.2) 0.005
2 yrs (n=398) 2.43 +/-0.18 2.50+/-0.18 0.007 1.06 +/-0.32 0.94 +/-0.28 0.02 8 (5.4-14.3) 10.7 (6.4-22.1) 0.43
3 yrs (n=296) 2.42 +/-0.21 2.53 +/-0.17 0.006 1.07 +/-0.35 0.97 +/-0.26 0.15 6.9 (4.4-12.7) 14.4 (11.3-28.7) 0.11
4 yrs (n=155) 2.44 +/-0.18 2.52 +/- 018 0.09 1.11+/-0.35 1.16 +/- 0.54 0.59 8.2 (5.5-13.6) 16.7 (8.4-52.3) 0.16
5 yrs (n=98) 2.35+/-0.23 2.50+/-0.20 0.16 1.26 +/- 0.56 1.21 +/-0.41 0.23 10.5(6.0-15.9)  21.4 (10.2-50.1) 0.21

*Serum calcium and phosphate levels are shown as mean+/-SD, and PTH levels are median (IQR)

Abbreviations: Ca, calcium; Phos, phosphate; PTH, parathyroid hormone
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Table 4. Proportion of patients (%) with abnormal biochemical parameters following

transplantation (6 months, 12 months and 2 years)

Biochemical parameter All C- C+ P value

PTH (>7.0pmol/L)

- 6 mths 69.0 66.5 84.7 0.002
- 12 mths 60.7 58.3 76.4 0.003
- 2yrs 86.3 85.7 90.3 0.29

Calcium (>2.60mmol/L)

- 6 mths 17.7 14.6 37.5 <0.001
- 12 mths 17.1 16.1 25.0 0.06
- 2yrs 36.5 34.6 48.6 0.02

Phosphate (<0.80mmol/L)

- 6 mths 20.5 193 27.8 0.10
- 12 mths 19.5 17.6 32.0 0.004
- 2yrs 10.2 9.1 16.7 0.05
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Table 5. Outcomes of transplant recipients who were either not taking cinacalcet (C-) or

previously administered cinacalcet until the time of transplantation (C+).

Outcomes

All C- C+ P value
Graft failure (%) 10.6 10.9 8.3 0.51
Post-transplant DM (%) 12.7 12.4 14.5 0.66
Post-transplant parathyroidectomy (%) 0.8 0.7 1.4 0.50
Mortality (%) 1.9 2.0 14 0.74

Abbreviations: DM, diabetes mellitus
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Table 6. Renal function (measured by MDRD eGFR) at time of transplantation and post-

transplant in recipients who were either not taking cinacalcet (C-) or previously administered

cinacalcet until the time of transplantation (C+).

eGFR (ml/min/1.73m?) C- C+ P value
Pre-transplant 7.7 +/-5.0 6.5 +/-2.8 0.1
lyr 50.7 +/- 18.7 54.4 +/-24.1 0.14
2yrs 50.9 +/-24.1 53.2+/-21.1 0.56
3yrs 50.5 +/-22.2 48.8 +/-22.7 0.78
5yrs 41.8 +/-22.2 47.3 +/-18.8 0.73
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Table 7. Patient characteristics of the matched cohort of transplant recipients (n=216),
divided according to those who were either not taking cinacalcet (C-) or administered

cinacalcet (C+) at the time of transplantation.

Characteristics C- (n=144) C+ (n=72) P value
Age at transplantation (yrs) 49.3 +/-13.1 50.2 +/-12.4 0.52
Gender (%M) 60.7 54.2 0.36
Dialysis vs pre-emptive (%) 90.1/9.9 92.6/7.4 0.55
Duration on dialysis (yrs) 3.51 +/- 2.69 2.59 +/-2.08 0.64
DM (%) 31.6 29.6 0.76
Donor age (yrs) 53.1+/-13.0 50.3 +/-16.5 0.21
Duration of transplant (mths) 32.6+/-12.1 32.3+/-17.0 0.54

Abbreviations: DM, diabetes mellitus
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Table 8. Biochemical parameters of mineral metabolism at time of transplantation and post-

transplant in matched transplant recipients (n=216) who were either not taking cinacalcet (C-

, n=144) or previously administered cinacalcet until the time of transplantation (C+, n=72).

Time post Ca (mmol/l) PTH (pmol/L)
C- C+ P value C- C+ P value
Pre- 2.24 +/- 2.22 +/- 0.32 40.9 50.7 (25.4- 0.29
transplant 0.21 0.20 (20.8- 75.2)
63.6)
3 mths 2.41 +/- 2.51 +/- <0.001 10.6 13.2 (8.6- 0.001
0.19 0.17 (5.2- 24.6)
15.4)
6 mths 2.44 +/- 2.54 +/- <0.001 7.8(5.2- 12.0(7.5- <0.001
0.16 0.17 14.1) 20.1)
9 mths 2.46 +/- 2.53 +/- 0.005 8.0 (4.2- 13.1(7.8- <0.001
0.16 0.15 11.0) 21.6)
12 mths 2.43 +/- 2.50 +/- 0.01 7.3 (4.5- 11.7 (6.9- <0.001
(n=532) 0.18 0.19 12.3) 21.2)
2yrs 2.42 +/- 2.50 +/- 0.002 7.7 (5.0- 10.7 (6.4- 0.37
(n=398) 0.15 0.18 14.5) 22.1)
3yrs 2.42 +/- 2.53 +/- 0.009 7.3(4.4- 14.4(11.3- 0.43
(n=296) 0.21 0.17 12.7) 28.7)
4yrs 243 +/-  2.52+/- 0.13  8.1(44- 16.7(8.4-  0.08
(n=155) 0.18 018 17.4) 52.3)

*Serum calcium levels are shown as mean+/-SD, and PTH levels are median (IQR)

Abbreviations: Ca, calcium; PTH, parathyroid hormone
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CHAPTER 6: ASSESSING THE UTILITY OF TESTING ALUMINIUM

LEVELS IN DIALYSIS PATIENTS

The research presented in this chapter has been published in the following article.
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Summary

Background: Plasma aluminium (Al) is routinely tested in many dialysis patients. Al exposure
may lead to acute toxicity and levels in excess of ~2.2umol/L (60ug/L) should be avoided.
Historically toxicity has been caused by excessive dialysate Al but modern reverse osmosis
(RO) water should be Al-free. Nevertheless many units continued to perform routine Al levels
on dialysis patients.

Methods: This single-centre study retrospectively analysed Al levels in plasma, raw water
feed and RO product between 2010 and 2013 using our database (Nephworks 6) with the aim
of determining the utility of these measurements.

Results: 2058 plasma Al tests in 755 patients (61.9% male, mean age 64.7 years) were
reviewed showing mean +/-SD of 0.41 +/-0.30umol/L. 111 (5.4%) tests from 61 patients had
Al levels >0.74pumol/L and 45 (73.8%) of these patients were or had been prescribed Al
hydroxide (Al(OH)s) as a phosphate binder. Seven patients had Al concentrations >2.2umol/L
with no source of Al identified in one patient. 166 patients taking Al(OH)3 (78.7% of all patients
on Al(OH)3) had levels <0.74umol/L, the odds ratio of plasma Al >0.74umol/L on Al(OH); was
9. The cost of plasma Al assay is AU$30.60, thus costs were AUS62,974.80 over the study
period. Despite RO feed water Al levels as high as 48umol/L, Al output from the RO was almost
always undetectable (<0.1umol/L) with dialysate Al levels >2.2umo/L only 3 times since 2010,
and never in last 3 years.

Conclusions: Routine unselected testing of plasma Al appears unnecessary and expensive and
more selective testing in dialysis patients should be considered.

Keywords: aluminium, chronic kidney disease, contamination, dialysis, haemodialysis,

phosphate binders
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Introduction

Aluminium (Al) is cleared from the blood exclusively by glomerular filtration. Thus, patients
with renal failure accumulate Al and are the only routine patient group likely to be at risk of
Al toxicity. Al overload results in accumulation principally in the skeleton and the brain and
manifests with osteomalacia (resistant to vitamin D therapy), bone and muscle pain, iron-
resistant microcytic anaemia, and neurologic abnormalities including speech disorders,

encephalopathy and dementia [1]

Acute Al toxicity is rare, and mostly related to Al phosphide (AIP), which is used as a pesticide.
Exposure to water or ingestion of AIP causes the release of the highly toxic phosphine (PH3)
leading to rapid free radical injury, circulatory collapse and death [2]. The Al per se only seems
to be an issue if given concurrently with sodium citrate which dramatically increases Al
uptake, and in dialysis patients this leads to very high plasma levels ~2000ug/L (~75umol/L)

which can result in potentially fatal neurological toxicity. [3]

Most of the early occurrence of chronic Al toxicity was reported between 1965 and mid 1980s
and primarily caused by excessive Al in dialysate water in patients undergoing chronic
haemodialysis (HD) therapy [4] but it has also been reported after contaminated peritoneal
dialysis (PD) fluid [5]. In the early days of dialysis, the preparation of dialysate water was
unsophisticated and subject to contamination from a number of sources, including the
addition of Al as a flocculant to remove colloidal matter. Moreover, water purification often
involved using stainless steel boilers, sometimes fitted with Al-based cathodic corrosion
protection systems, leading to high Al levels in the dialysate. Modern water preparation using

reverse osmosis (RO) membrane systems, reduction in the use of Al-based phosphate binders
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and the avoidance of calcium citrate means that acute or chronic Al toxicity is rarely (if ever)
encountered in modern practice [6]. Al-based phosphate binders are now infrequently
prescribed across the world, but apparently more in Australia/New-Zealand [6]. Thus Al-based
binders [6] and Al containing antacids now represent the major source of Al exposure in
patients with end-stage kidney disease (ESKD). Al can also be a contaminant present in oral
and injectable medications as part of the manufacturing process [7, 8] in particular albumin
products. Albumin binds Al during the purification process when passed through Al silicate
filters, and thus long-term use of intravenous (1V)/blood products is another potential source
of excess Al [9]. There have also been reports of sepsis causing release of Al from tissue stores

[10].

The National Kidney Foundation’s Kidney Disease Outcomes Quality Initiative (KDOQI)
guidelines for the care of patients with ESKD recommended screening for Al toxicity with Al
concentrations at least yearly, and quarterly in those receiving Al-containing medications,
however these were outlined in the guidelines as opinion-based recommendations [11]. The
more recent international Kidney Disease: Improving Global Outcomes (KDIGO) Chronic
Kidney Disease — Mineral and Bone Disorder (CKD-MBD) guidelines recommend avoiding
long-term use of Al-containing phosphate binders and, in patients with ESKD on dialysis,
dialysate Al decontamination to prevent Al intoxication [12]. However there are no KDIGO
recommendations regarding measurement of plasma Al levels. There appears to be a low
incidence of high Al levels among current dialysis patients [13] with no reported outbreaks of

Al toxicity in recent literature except sporadic clusters of cases of elevated Al levels [14].
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There have only been a few retrospective studies published evaluating the frequency of
abnormal plasma Al levels, the predictive value of Al testing, cut-off levels for toxicity and the
utility of routine screening in an era of Al-free dialysate water and decreased Al-based binder
administration [13, 15-17]. Some investigators have advocated re-evaluating the safety of Al-
based phosphate binders given low demonstrated risk of toxicity and a cost benefit over

contemporary first line phosphate binders although prospective trials are lacking [6, 18].

In light of the reduction in exposure of dialysis patients to Al, an audit at our institution was
undertaken to assess the requirements for continued monitoring of patients and the water
guality of dialysate. We report a single-centre study assessing the frequency of abnormal Al
levels in a cohort of dialysis patients over a period of 4 years with the aim of evaluating the

clinical benefit of routine Al measurement.

Methods

We performed a retrospective cohort study of dialysis patients at The Royal Melbourne
Hospital (RMH), Parkville, Australia. All dialysis patients undergo routine annual surveillance
of plasma Al concentrations at RMH, with bi-annual measurements for patients prescribed Al-
based phosphate binders. We retrospectively retrieved all plasma Al levels tested for the
dialysis population from January 2010 to December 2013 using our computerized nephrology
database (Nephworks 6), as well as RO and water feed Al levels on all HD patients. Nephworks
contains prospectively documented patient history, medications, comorbid events and
outcomes for all dialysis patients at RMH. Medical records of patients with abnormal plasma

Al levels were reviewed to determine Al exposure.
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Laboratory methods

5 mL of blood was collected into K,-EDTA anticoagulated BD Vacutainer® Blood Collection
Tubes for Trace Element Testing, this avoids significant contamination (20-60ug/L) by the
rubber stoppers made from Al silicate that are commonly used in standard evacuated blood

tubes [19]. The sampling needle is not usually a problem for Al.

Plasma Al levels were measured using dual beam graphite furnace atomic absorption
spectrophotometry with an AAnalyst 800 spectrophotometer (Perkin EImer, MA) throughout
the study period. The lab cut-off value for plasma Al was <0.8umol/L with a local range of
between 1.5umol/L and 2.0umol/L for patients with ESKD on Al-based binders. There is no
well-defined threshold level of plasma Al concentration indicating toxicity in dialysis patients
[20]. Previous studies have used different cutoff levels including 0.74umol/L (20pg/L),
1.48umol/L (40pg/L), 2.22umol/L (60ug/L) and 3.0umol/L based on varying evidence and local
lab parameters [13, 16-18]. KDOQI guidelines recommend Al levels to be tested quarterly and
be less than 0.74umol/L with the use of the desferoxamine (DFO) mobilisation test [21] for
elevated levels between 2.22 to 7.42umol/L (60 to 200ug/L respectively) [11]. In our study we
used a cutoff value of > 0.74umol/L to indicate abnormal levels and 22.2umol/L to indicate

risk of toxicity for analysis.

We routinely undertake trace element analysis in dialysate water collected from various sites
across multiple dialysis centres. Mains water and RO output is regularly tested for Al by our
service [22]. There are suggested limits of <100ug/L (3.71umol/L) for large processing plants
and <200ug/L (7.42umol/L) for smaller plants serving 10,000 people or less [23]. We

reference American National Standard ANSI/AAMI RD62:2006, which indicates maximum
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allowable concentration of Al in 'water used to prepare dialysate' as <10ug/L (<0.37umol) for
our dialysis network. We also reviewed Al levels in the dialysate water source over this period
as there are guidelines for drinking water Al content suggested by the World Health

Organization (WHO).

Statistics

This is predominantly a descriptive study. Descriptive statistics are presented as mean (+/-
standard deviation) or percentages. Data analyses were performed on individual plasma Al
concentrations and not based on the mean plasma Al level per patient. Therefore both the
number of Al determinations and the number of patients are given. Mann-Whitney U test was
used to determine differences between patients taking and not taking Al-based phosphate
binders according to Al levels. Logistic regression was used to compare differences in Al levels
and Al(OH)s use over time. Stata statistical software package (version 11.0, Stata Corporation,

College Station, TX) was used for analysis.

Results

We retrieved a total of 2058 plasma Al measurements for 755 patients over the 4-year period.
The dialysis cohort had a mean age of 64 years and 62% were male (Table 1). The mean plasma
Al level was 0.41+/-0.30umol/L (11+/-8.08ug/L). A total of 211 of these patients were or had
been prescribed Al hydroxide (AI(OH)s) as an oral phosphate binder. Of 2058 measurements,
111 (5.4%) tests from 61 patients had Al levels greater than 0.74umol/L with 45 (73.8%) being
on Al(OH)s. These 61 patients included 47 on HD, 6 on PD and 8 on home HD. Ten results
(0.49%) were equal to or greater than 2.2umol/L in 7 patients out of which 6 patients had

been prescribed Al(OH)s with no source of Al identified in 1 patient who was undergoing
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dialysis at home at the time and returned normal Al level on repeat testing. There was no
evidence of clinical toxicity due to elevated Al levels on review of the available medical
records for these patients. 166 patients taking Al(OH)s; (78.7% of all patients on Al(OH)3) had

levels <0.74umol/L. The odds ratio (OR) of plasma Al >0.74umol/L on Al(OH)s was 9.

Al(OH)s as a potential source of abnormal levels was identified in 45 out of 61 patients, (Table
2) although the cumulative Al load in patients on AI(OH)s could not be calculated given
inconsistent information available regarding the dose of binders administered. In the
remaining 16 patients the abnormal results were presumed to be erroneous or a result of
inadvertent exposure to Al through equipment or medications based on the lack of repeated
elevated levels, levels in the non-toxic range (93.7%) and a tendency to revert to normal on
repeat testing. On follow up tests the levels reverted to or trended towards normal in 47 out
of 61 patients (77%, including 12 patients not on Al(OH)s) with Al levels >0.74umol/L. Out of
7 patients with Al >2.2umol/L only one patient had multiple elevated levels, with maximum
of 3.64umol/L, which reverted back to normal on cessation of Al(OH)s. None of the patients

had Al level >7.4umol/L.

Al levels measured in the dialysate water precluded any risk of exposure from that source.
Despite RO feed water Al levels as high as 48umol/L (1300ng/mL), Al output from the RO was
almost always undetectable (<0.1umol/L). We have detected dialysate Al levels >2.2umol/L

only 3 times since January 2010, and never in last 3 years.

The frequency of elevated plasma Al levels (>0.74 umol/L) in patients on dialysis declined each
year from 8.72% in 2010 to 2.35% in 2013, perhaps related to declining use of Al-based
phosphate binders. Administration of Al(OH)s in subjects in this study declined from 31.7% to

4.75% over the same period (Table 3). The cost of single plasma Al assay is AU$30.60 resulting

167



in the total cost over the study period of AU$62,974.80, or amounting to over AUS$1300 per

month.

Discussion

Al toxicity has been known to cause serious complications although the incidence of cases in
the current dialysis population is very low given the elimination of Al from dialysate water
and the decreased use of Al-based phosphate binders. As we have continued to routinely
measure plasma Al levels on all dialysis patients at our local centre we performed a
retrospective observational study to determine the frequency of abnormal Al concentrations
and assess for associations with any clinical history of toxicity, use of Al-based binders and
cost of routine measurements. We report a very low number of elevated Al levels in 755

patients over a 4 year period.

Al is ubiquitous in nature with only a tiny fraction of ingested Al absorbed and normally
excreted by the kidneys. Previously when Al was added to the dialysate for patients
undertaking HD, it would enter the body directly leading to syndromes from toxicity.
However, there has been complete absence of reports of the ‘dialysis dementia’ syndromes
formerly attributed to Al toxicity in ESKD, and a substantial reduction in the prevalence of Al-

related bone disease, with improvements in the quality of dialysate water.

Plasma Al levels reflect relatively recent exposure to Al [24, 25]. Monitoring Al levels might
identify excessive Al intake or absorption in individual patients, aid in the recognition of

accidental contamination of dialysate with Al and screening may potentially allow earlier
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recognition of Al loading with greater ability to prevent toxicity. Plasma Al levels however, are
not reliable predictors of chronic Al exposure and there is lack of consensus on threshold
cutoff values indicating toxic levels. Historically routine measurements of plasma Al
concentrations have been recommended based on prevalent significant risk of toxicity [15,
26] but later studies have questioned the utility and cost effectiveness of routine plasma Al
measurements in all dialysis patients [13, 16-18]. Many dialysis units however continue to

measure Al levels routinely.

One study reported the incidence of abnormal Al levels in dialysis patients to be as low as
2.1% [13] while another reported an incidence of 4.2%, although the cutoff value of abnormal
results in this study was 0.74umol/L compared to 1.48umol/L in the former [16]. The
frequency of abnormal results in our study was 5.4% and 0.49% for results signifying risk of
toxicity using the cutoffs of 0.74umol/L and 2.2umol/L respectively. This is consistent with
previous studies reflecting an extremely low incidence of abnormal Al levels and greatly
reduced risk of toxicity compared to the era of significant Al exposure via dialysate water and

regular use of Al-based phosphate binders.

One study from the United Kingdom argued that measuring Al levels routinely in the current
era was unnecessary, although the dialysis patients in that study were not taking any Al-based
phosphate binders and Al testing of the dialysis water supply achieved an acceptable
minimum safety requirement [8]. Another study reported on the impact of double RO system
and continued use of Al phosphate binders in a cohort of dialysis patients between 1998 and
2007 [27]. This study reported a reduction in serum Al levels in patients after the new RO with

no plasma Al level more than 40ug/L (1.48umol/L), even with Al-based binders.
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Plasma Al levels of >3.0umol/L have been associated with toxicity, however defining a
baseline plasma Al concentration threshold to diagnose toxic Al accumulation is difficult [20].
There is not a single report in the literature of significant Al toxicity occurring in the presence
of Al levels less than 1.5umol/L. Elevated Al levels above 1.5umol/L in one Australian report
occurred in less than 2% of patients [6]. Most elevated Al concentrations are one-off isolated
levels with sustained abnormal concentrations being uncommon [16]. Therefore consistent
with our study, the literature also supports that the number of elevated Al levels are
exceedingly low and often transient. There is no published data to determine whether an

increase in plasma levels over time leads to tissue accumulation of Al.

Al replaces calcium at the mineralization front in bone, disturbing osteoid formation and
causing low turnover bone problems. There is evidence that single measurements of serum
Al show correlation with Al bone disease, with one study demonstrating a level greater than
100pg/L (3.7umol/L) as a reliable indicator of Al deposits in bone [28]. Another reported a 3-
fold higher risk for this complication in patients in the highest quartile of serum Al, although
there was no threshold level of Al that discriminated between patients with Al bone disease
and those without [15]. Another reported that a serum Al level of 60ug/L (2.22umol/L) in
combination with an intact PTH <16pmol/L provided a relatively sensitive and specific index

for the detection of Al-related bone disease [26].

The diagnosis of Al bone disease is important and some dialysis units continue to monitor Al
levels regularly because of concerns that exposure may continue from medications used

without knowledge such as over-the-counter antacids. Many other prescribed medications
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also contain hidden Al in smaller amounts [6-8, 16]. One report suggested regular attention
should be paid to reviewing medications known to contain significant amounts of Al that
patients may be taking without knowledge of their physicians [16]. Al levels have been shown
to be higher in patients receiving injectable drugs such as iron, insulin or erythropoietin

compared to those who did not receive these medications [8].

With the move towards haemodiafiltration (HDF) and the exposure to even more dialysate
water there is the potential for increased exposure to Al from poorly maintained or failing RO
membranes, so it would be important to maintain review of dialysate Al and raw water Al
levels. The problems associated with Al toxicity are not just confined to HD patients but
patients undertaking PD are also at risk. Al-based phosphate binders have been reported to
contribute to toxicity in the latter population as well as non-dialysed uremic individuals [29,

30].

The possibility of sample contamination due to extraneous sources of Al in samples needs to
be considered. Al is a ubiquitous metal and contamination of plasma can occur from sources
including environmental dust on the blood tubes or gloves. Considerable care is required in
the storage of tubes, phlebotomy procedure and sample preparation for the determination

of Al levels to prevent contamination.

With a very low frequency of elevated total Al levels signifying risk of toxicity (0.49%) at our
centre and at a significant monetary cost, routine plasma Al determinations in patients at low
risk are unlikely to be cost-effective. One report from the United States highlighted that the

cost of Al levels may range from $40-5100 (Spectra Laboratories) and therefore yearly costs
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of $32,000-580,000 could be incurred with routine measurement for an average dialysis

unit[16].

Studies have reported that patients on dialysis taking Al-based phosphate binders with RO-
treated water had no evidence of Al toxicity and therefore arguing that the use of Al binders
in the era of RO-treated dialysis water may be safe. The vast majority of dialysis patients in
our cohort with abnormal plasma Al levels were taking Al(OH)s as a binder. Although only 21%
of all patients on AlI(OH); had transiently elevated Al levels, this compares to only 3% of
subjects not taking Al-based binders. We also report the reduction in use of Al(OH); over time
with a significantly decreased exposure to these binders being associated with a decreased

proportion of patients having elevated Al levels in the more recent period.

Limitations of our study include lack of information on residual renal function, inability to
accurately determine the cumulative dose of Al-based binders in individuals and absence of
DFO testing to assess total body Al load. Our study does not address the predictive value of
abnormal plasma Al levels and when the frequency of abnormal levels in a population is
extremely low, the utility of that test as a screening tool becomes negligible. The other
consideration of Al measurement should be of cost effectiveness, which could not be

demonstrated in our study.

Plasma Al as a suitable measure of the body burden to this metal is questionable. Although
there is a correlation between plasma levels and Al bone disease, the predictive value of Al
concentrations for bone disease is poor. The evidence that Al is absorbed from Al(OH)s and

other Al-containing compounds is indirect, and the methodology for measuring Al levels using
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stable isotope and mass spectroscopy is very expensive, has limited availability and should
only be performed on a small number of patients. In summary, we feel that regular unselected
testing of all dialysis patients is probably unnecessary given the frequency of plasma results
indicative of Al overload. The costs of such a testing strategy make it unlikely to be cost
effective. From a patient safety point of view it makes more sense to monitor RO water levels
periodically to ensure the RO is working efficiently. There is some logic in assessing Al levels
in patients in whom the risk of overload is high and there is clinical suspicion of toxicity, for
example those exposed to long-term therapy with Al-containing medications like Al(OH)s,
antacids, and concomitant use of any drug that augments gut absorption. Furthermore,
guidelines and recommendations should be updated to reflect the reduced risk of exposure
from Al-containing dialysate. Isolated high levels are likely to be caused by contamination at
the time of testing and not true Al overload. On the basis of our review we have now moved
to only perform selected testing of plasma Al on the basis of assessment of clinical risk, whilst

routine testing of dialysate Al is continuing.
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Tables

Table 1. Patient characteristics for all dialysis patients

Characteristics N=755 (%)

Age (years)?! 63.2 +/-14.9
Gender

- Male 467 (61.9)

- Female 288 (38.2)
Cause of ESKD

- DM 197 (26.1)

- GN 200 (26.5)

- HT 59 (7.8)

- PCKD 55 (7.3)

- Reflux 39 (5.2)

- Other (and unknown) 205 (27.1)
Dialysis modality

- HD 582 (77.0)

- PD 119 (15.8)

- HHD 54 (7.2)
Duration on dialysis (mths, median (IQR))* 32 (61.5-9.9)

1at the time of the last Al level
Abbreviations: DM, diabetes mellitus; GN, glomerulonephritis, HT, hypertension; PCKD, polycystic kidney

disease, Reflux, reflux nephropathy; HD, hemodialysis; PD, peritoneal dialysis; HHD, home hemodialysis,
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Table 2. Number of patients with normal and abnormal plasma aluminium levels in relation

to administration of aluminium-based phosphate binders

Al level (umol/L) N=755 No Al(OH); Al(OH)3 P-Value*
N= 544 (%) N= 211 (%)
<0.74 694 (91.9%) 528 (97.1%) 166 (78.7%) <0.01
0.74-2.1 54 (7.2%) 15 (2.8%) 39 (18.5%) <0.01
22.2 7 (0.9%) 1(0.2%) 6(2.8%) 0.01

Abbreviations: Al, aluminium; Al(OH)s, aluminium hydroxide

* P-value for significance between subjects taking vs not taking Al(OH)s for various Al concentrations
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Table 3. Percentage of abnormal plasma aluminium levels with relationship to patients on

aluminium hydroxide according to each year

Year Patients, Patients on AI(OH)3;, N Plasma Al>0.74 umol/L, N Al>2.2 umol/L, N
N (%)" Al levels, N (%)* (%)

2010 451 143 (31.7%) 562 49 (8.7%) 5(0.9%)

2011 401 46 (11.5%) 524 32 (6.1%) 3(0.6%)

2012 420 26 (6.2%) 547 20 (3.7%) 2 (0.4%)

2013 363 18 (4.9%) 425 10 (2.4%) 0 (0.00%)

Abbreviations: Al, aluminium; Al(OH)s, aluminium hydroxide

* P-value <0.01 for relationship between Al(OH); administration over time.

# P-value <0.01 for relationship between Al>0.74umol/L over time.
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CHAPTER 7: GENERAL DISCUSSION, CONCLUSIONS AND FUTURE

DIRECTIONS

In people with CKD, altered biochemical milieu due to disordered mineral metabolism,
deterioration in bone quality and extra-skeletal calcification constitute the clinical syndrome
known as CKD-MBD [1], which is associated with poor cardiovascular outcomes, increased
fracture risk and increased mortality [2-4]. ROD, as currently defined, is the skeletal
component of CKD-MBD and refers to abnormalities of bone turnover, mineralisation,
volume, linear growth, or strength encountered in CKD [5]. Disruption of bone and mineral
metabolism and altered biochemical milieu invariably cause erosion in bone quality in
patients with CKD. Renal bone disease is complex and multidimensional and confers an excess
fracture risk in patients with CKD, in addition to traditional risk factors for fracture such as
older age and postmenopausal status. This is reflected in numerous epidemiological studies
describing an increased prevalence of fractures in patients with CKD compared to age- and
gender-matched individuals in the general population [4, 6-10], and is also associated with
increased hospitalisation and mortality [11]. This higher susceptibility to fracture is not
attenuated by kidney transplantation and is, in fact, higher during the early post-transplant
period [12, 13]. Moreover, abnormalities of mineral metabolism, particularly persistent SHPT,
may occur after kidney transplantation [14], with unclear clinical sequalae and management
strategies. Traditionally, bone disease after transplantation has been synonymous with
changes in BMD and osteoporosis, but more recent research has demonstrated a less
significant change in BMD in the early post-transplantation period with a trend towards

stability in later years [15]. Currently, there is a paucity of data about changes in bone
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structure and histomorphometry and their relationship with markers of mineral metabolism

after kidney transplantation, with mechanisms of underlying bone loss poorly understood.

More than a century after the initial descriptions of renal bone disease [16-20], and despite
significant advances in this field during this time, major gaps still exist in our knowledge about
management of ROD in the clinical setting. Inability to accurately identify the type of ROD by
non-invasive means, lack of CKD-specific screening tools for assessing fracture risk, and
limited supportive evidence for appropriate therapy has hampered our ability to institute
preventative treatment in this high-risk group of patients. Currently available diagnostic tools
in routine clinical practice have limited utility in assisting with management of ROD and
therefore add to diagnostic and therapeutic uncertainty in this area. Bone biopsy captures a
comprehensive snapshot of bone microarchitecture, turnover and mineralisation, but the
procedure and its subsequent analysis have their own caveats and limitations. Hence, it is

rarely performed routinely in clinical practice.

Over the last two decades, there has been a significant increase in research interest in CKD-
MBD and ROD. During this period, notable advances in high-resolution imaging have occurred
and novel biomarkers specific to CKD-MBD have been identified. This has enhanced our
knowledge of bone microarchitecture in patients with CKD and provided new insights into the
pathophysiology and progression of CKD-MBD. Increased understanding of bone
abnormalities in CKD has highlighted the important contribution of cortical bone structure to
overall bone strength and the association of cortical bone fragility with bone loss and SHPT in

CKD and in kidney transplant recipients [21-25].
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High-resolution MRI, using customised processing techniques, has proven to be an excellent
non-invasive tool for studying bone microarchitecture in the non-CKD population [26-33]. The
research described in this thesis concentrated on the potential role of MRI as a non-invasive
tool to evaluate ROD, including comparing its utility with other contemporary and novel
diagnostic tools within the overall umbrella of CKD-MBD. The studies presented here also
highlight severe cortical bone abnormalities prevalent in patients with CKD, explore
abnormalities of bone structure and mineral metabolism after kidney transplantation, and
guestion the utility of routine screening of aluminium levels in the era of non-aluminium
phosphate binders. The major findings of this thesis and their potential impact are

summarised and discussed below.

Summary of results

Bone histomorphometry in CKD — highlighting the role of cortical bone

Bone biopsy and histomorphometry is the gold standard for evaluating bone quality in CKD
but is used very infrequently in clinical practice due to associated limitations. Traditionally
described histological patterns of renal bone disease have given way to a newer classification
according to the KDIGO TMV system [5] in a major, and advantageous, shift in approach
towards defining ROD. The TMV classification provides clinically relevant descriptors but fails
to emphasise the importance of assessment of cortical microarchitecture, which is described
as an adjunct to trabecular bone measurements. Common findings of cortical thinning and
increased cortical porosity in recent studies of patients with CKD [22, 23, 34, 35] and their
potential contribution to bone fragility suggest a need to emphasise the evaluation of cortical
microarchitecture as a key parameter in addition to trabecular changes within the TMV

classification.
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In the cross-sectional study described in Chapter 2, | studied histological abnormalities of
bone, particularly cortical bone structure, in a relatively young cohort of patients with ESKD
at the time of kidney transplantation. | demonstrated severe thinning of cortical bone and
increased cortical porosity, the latter associated with PTH levels, despite predominantly
normal trabecular parameters. These findings, consistent with more recent studies in CKD
describing deterioration in cortical microarchitecture, reinforce the importance of
comprehensive cortical bone evaluation in patients with CKD and incorporating it as a central
parameter in the TMV classification. The fact that severe cortical porosity is correlated to PTH
levels is only a reminder of the perils of SHPT in CKD. Notably, this study is also the first to
report the role of micro-CT in assessing cortical porosity in patients with CKD. Micro-CT is an
ex vivo ultra-high resolution, non-destructive method to acquire direct 3D measurements of
bone microarchitecture and images in a much larger volume of interest than 2D histology.
These benefits, combined with a shorter turnaround time for processing and results, make
micro-CT a desirable tool for studying bone structure and worthy of consideration in larger
studies. This study also provides a snapshot of the severity of ROD, even in a relatively young
and healthy, fit-for-surgery cohort of patients with ESKD. Whilst this is a small study and may
not be representative of the larger study population of older and more unwell dialysis
patients, it raises awareness of severe bone abnormalities on a histological level which can
manifest in serious clinical outcomes. These results also serve as a reminder of the importance
of the ongoing quest to find optimal treatments for SHPT and its related mineral

abnormalities.
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Bone microarchitecture — comparing MRI to bone histomorphometry

High-resolution imaging modalities, mainly HR-pQCT and MRI, have demonstrated potential
in evaluating bone microarchitecture over the last 15 years, but this research success has not
been embraced in the case of MRI in the field of renal bone disease [36]. Moreover, these
modalities, at the time of commencement of this project, remained untested against the
guintessential gold standard of a bone biopsy. In the work described in Chapter 3, | aimed to
highlight advantages of MRl as a diagnostic tool in renal bone disease. In this proof of concept
study, | evaluated bone microarchitecture in patients with CKD using MRI and correlated
findings to those obtained by bone biopsy and other contemporary bone imaging techniques
(DXA, pQCT, TBS). MRI demonstrated significant and relevant associations to important bone
biopsy and DXA parameters. Significant correlations were also observed between
histomorphometric mineralisation and turnover indices and various MRI parameters, but no
such associations of MRI parameters could be elicited in relation to bone turnover markers.
This study also underlined the inherent heterogeneity of bone microarchitecture at differing
skeletal sites and the pitfalls of assessing and interpreting bone structure parameters
obtained by imaging modalities with vast technical and analytic differences. Although | was
able to demonstrate the utility of MRI in evaluating bone microarchitecture in patients with
ESKD, it did not provide reliable information about bone turnover — the other important
component of assessing ROD. Lastly, this study was the first to use commercially available
hardware (coils) for MRI, which is a small but important step towards increasing the

generalisability of these scans.
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Bone changes dfter kidney transplantation — looking beyond BMD

In Chapter 4, | described an evaluation and comparison of longitudinal changes in bone
density and microarchitecture over the first year after kidney transplantation. MRI, DXA,
pQCT and TBS were used for evaluation, in association with changes in bone turnover
markers, during this period. Study results confirmed the lack of significant change in BMD
after kidney transplantation and highlighted deterioration in trabecular bone structure and
connectivity independent of changes in BMD but associated with PTH levels. These findings
were also complemented by a significant deterioration in TBS during this period. Unlike other
contemporary studies, which are few in number, | found no deterioration in cortical bone at
one year after transplantation. This is an important finding which highlights the lack of data
about changes in bone microarchitecture and their relationship to PTH status after kidney
transplantation. | also studied the impact of discontinuation of cinacalcet at the time of kidney
transplantation on mineral metabolism in a retrospective audit of biochemical parameters
and clinical outcomes in a large cohort of kidney transplant recipients (Chapter 5). Whilst |
demonstrated persistent hyperparathyroidism and hypercalcaemia after transplantation in a
large proportion of patients, worse in patients on cinacalcet prior to transplant, the clinical

significance of these mineral metabolism markers was unclear.

Monitoring aluminium levels in the contemporary era

Historically, aluminium deposition in bone was recognised as a major cause of adynamic bone
disease [37] and added an important dimension to the pathophysiology of ROD. This is less
relevant in the current era due to the overall higher prevalence of low-turnover bone disease,
unrelated to aluminium, in patients with ESKD. This may be related to reduction in

prescription, and phasing out, of aluminium-containing phosphate binders in current clinical
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practice. However, many centres continue to routinely screen dialysis patients for aluminium
levels. In Chapter 6, | described an assessment of the utility of routine testing of serum
aluminium levels in the haemodialysis population in my centre via a retrospective audit of
aluminium levels tested in 755 patients over four years. Only 0.5% of 2058 test results
matched criteria for toxic aluminium levels, and there was no evidence of clinical toxicity.
There was progressive reduction in the proportion of elevated aluminium levels over the
years, correlating with decreasing use of aluminium-based binders during this period. |
concluded that routine unselected testing of serum aluminium was unnecessary and

expensive and more selective testing in dialysis patients should be considered.

Significance

Overall, my research highlights the utility and potential of MRI for non-invasive evaluation of
bone microarchitecture in patients with CKD. My studies underline the severity and the
spectrum of bone abnormalities prevalent in patients with ESKD and raise awareness about
the potential novel use of micro-CT for evaluating 3D microstructure of bone in biopsy cores.
The clinical studies presented here describe bone structural abnormalities detected by MRI
in patients with ESKD and highlight subsequent changes after kidney transplantation. The
finding that MRI results were consistent with those obtained by the gold standard — bone
histomorphometry — partially fulfils the premise of this proof-of-concept study. Notably,
structural parameters obtained by MRI did not correlate with bone turnover, which remains
a big gap in meeting the criteria of a “virtual bone biopsy” and is an objective to be pursued
in future studies. Another significant outcome of this study is the identification of bone
abnormalities which may not be detectable or explained by BMD measurements acquired by

DXA, which is the current standard of care. This adds to the increasing literature advocating
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for a broader approach towards assessment of ROD beyond BMD as a marker of bone health.
Bone structure changes observed after transplantation in my studies differ from those in
several other studies and likely represent the multifaceted effects of PTH. My assessment of
changes in mineral metabolism, particularly persistent SHPT after transplantation in a large
cohort of KTRs, did not demonstrate any clinical correlations, within the limitations of study

design.

Limitations

The findings of the studies included in this thesis, though significant, need to be viewed in the
context of several limitations. While limitations specific to each study are discussed in detail
in their respective chapters, some common issues provide a wider perspective on the results.
A small study cohort (Chapters 2-4), without a non-CKD control group, limited our ability to
apply regression analyses to determine the ability of a combination of imaging and
biomarkers to predict TMV parameters. The small cohort of relatively young and healthy
patients from a single centre may not be representative of the wider population with ESKD
and restricts the generalisability of the results. Also, the small study size may not lend itself
to robust statistical conclusions, and results need validation in larger studies. Another
limitation of these studies is the lack of data demonstrating the trend of biochemical
parameters reflective of CKD-MBD and its management in the months leading up to kidney
transplantation. This would have provided a boarder perspective into the evolution of
changes in bone structure after transplantation. The interpretation of results obtained by
multiple novel imaging techniques used in these studies (micro-CT, MRI, TBS, pQCT) is difficult
given the lack of normative data for these modalities in the CKD population. The studies

described in Chapters 5 and 6 each had a robust sample size but were limited by retrospective
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design. Elimination of some missing data, particularly related to bone modulating medication
use and associated clinical outcomes, would have added to the clinical significance of these
studies. Overall, future larger multi-centre studies with prospective design are needed to
validate these data and to determine their utility in guiding clinical decision-making and
improving outcomes in the CKD population. For now, this thesis represents a small but useful

step in the right direction.

Future directions

In 2017, the global prevalence of CKD was 9.1%, equating to roughly 700 million cases. CKD
was associated with 4.6% of global deaths and was the 12" leading cause of death, an increase
from 17™ in 1990 [38, 39]. Between 1990 and 2017, there was also a significant rise in age-
standardised incidence of ESKD and subsequent renal replacement therapy (dialysis or
transplantation), a concerning increase when extrapolated to the potential increased burden
of ROD and fractures. Over the last few years, during the timeline of this project, international
studies have continued to report fracture risk associated with the spectrum of CKD and longer
hospitalisation and high mortality associated with these episodes [40-42]. Meanwhile, there
has been progress in the field of HR imaging. A metanalysis of 40 studies, including several
involving the CKD population, demonstrated the predictive value for fracture of HRpQCT for
obtaining bone structural parameters [43]. There also have been more studies in patients with
CKD utilising various imaging techniques to study ROD [44-49] and more insights into the
pathophysiology of CKD-MBD and ROD [50-53]. A more detailed description of these studies

is beyond the scope of this section.
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Renal bone disease and the associated consequence of fracture have been the proverbial
elephant in the room for many decades, but over the last 15 years there has been increasing
awareness of these issues amongst the nephrology community and calls to action from many
experts [54-59]. The common thread has been a need for a paradigm shift in how the
nephrology community should approach, manage and research renal bone disease, and this
thesis adds to this view. We can start by developing algorithms to help utilise available
diagnostic tools and therapeutic options based on currently available data. Some authors
have already proposed approaches for management of bone disease and fracture risk, which
may serve as a starting point [4, 57, 60]. Fracture screening tools, like FRAX, which are
currently an important part of the management of fracture risk in the non-CKD population,
can be used judiciously to determine fracture risk in patients with mild to moderate CKD [61].
Several other authors have reported adequate fracture discrimination results with FRAX in
CKD, including dialysis patients, but there has been both an overestimation and
underestimation of fracture risk in these studies, indicating a calibration issue [62-64].
Another newer modality to consider is the TBS, which has limitations in assessing bone
microarchitecture, but is more easily accessible and has proven useful in the non-CKD
population with encouraging data in CKD cohorts [65-67]. This can be potentially utilised in

the clinical setting, pending more studies in the CKD population.

Despite advances to date, there remains a critical need for non-invasive means to assess bone
quality in CKD to obviate the requirement for bone biopsy. Ideal non-invasive assessment of
bone quality would constitute evaluation of bone microarchitecture, turnover and
mineralisation by a single modality or a combination of modalities, which would provide

similar information to bone histomorphometry. Overall, there is growing data establishing
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credentials of high-resolution imaging in accurately defining bone structure, but these
modalities are currently inadequate in determining bone turnover. Bone structure
parameters, even if correlated with turnover indices obtained by histomorphometry, as
shown in my study, cannot be used to determine turnover, which is a dynamic event. In 2018,
Salam et al. [48] explored the utility of HRpQCT and circulating bone turnover markers in
discriminating turnover and compared these to the gold standard bone turnover by
tetracycline-labelled bone biopsies. Among the biomarkers, PTH and bALP provided the best
discrimination for low and high turnover, with AUCs of 0.82 and 0.76 respectively. This is
similar to the performance of PTH and bALP in large histomorphometry studies performed

previously [68], and does not advance the quest for better markers for bone turnover [69].

High-resolution imaging modalities, at present, are confined to research settings and their
transition to clinical setting is currently not on the horizon. HR-MRI, although performed on
commercially performed scanners and potentially with un-customised hardware (as in my
study), requires specialist expertise and equipment for processing which are limited to only a
few institutions worldwide. Currently used HR imaging modalities are also limited to imaging
peripheral sites due to technical limitations. More recent studies in MRI have, however,
added to the feasibility of imaging of the femur, a site of high fracture incidence in CKD, and
subjecting the scans to FEA to assess strength parameters [70-74]. This is an important
development because, if translated into clinical practice, it would be a major breakthrough in
the assessment of the vulnerability of the femur to fracture. Overall, more frequent and larger
clinical trials with hard clinical endpoints are needed to enable formation of normative
database, dissemination of expertise and to render these modalities more cost-effective and

accessible. Patients with CKD have traditionally been excluded from large clinical trials of

190



fracture prevention or treatment in the general population. Future studies should target
patients with various stages of CKD and should be designed in the context of the uniqueness
of ROD. Studies are also needed to develop and trial accurate turnover markers to

complement imaging studies.

Conclusion

This thesis is the culmination of several highly enjoyable years of clinical research, during
which | developed greater insight into the area of ROD and its associated conditions. Clinical
studies presented in this thesis contribute to the increasing body of literature about bone
abnormalities prevalent in CKD and the potential utility of HR imaging techniques in assessing
bone quality in CKD and in KTRs. This thesis also puts into perspective the many challenges
we continue to face in managing ROD and ways forward in addressing them. Overall, | believe
my research has shown that non-invasive HR imaging has the potential to fill, at least partially,
the vast gap between screening of BMD using DXA and comprehensive diagnosis by bone
biopsy. MRI, in conjunction with accurate and appropriate bone turnover markers, can
potentially be used to screen for bone fragility, predict fracture, and help in developing
therapeutic interventions and monitoring treatment effect in the CKD population and in KTRs.
The utility of MRI (and other such imaging) would be enhanced by availability of more
accurate and reliable non-invasive markers of bone turnover and mineralisation, validated
against bone histology. These challenges are significant but not insurmountable. A
coordinated, structured, multidisciplinary, patient-focused effort is needed from the
nephrology research community to address the unmet needs of patients with ROD and CKD-

MBD.
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SUMMARY AT A GLANCE

This is a review of the dilemmas and pitfalls of
investigative modalities in their prediction of
bone morphology in renal osteodystrophy and
fracture risk in patients and an update on the
emerging role of high resolution imagining in
patients with chronic kidney disease.

INTRODUCTION

Renal osteodystrophy (ROD) is a disorder of bone due to meta-
bolic and hormonal abnormalities resulting in high fracture risk
across the spectrum of chronic kidney disease (CKD) and asso-
ciated with hospitalization, excess morbidity and mortality.'™
Even after kidney transplantation, patients have increased frac-
ture risk, although the aetiology and pathophysiology of bone
disease differs.*> Accurate identification of bone pathology is
difficult owing to lack of homogenous bone changes combined
with the reduced ability of routine tests (e.g. dual-energy X-ray

ABSTRACT:

The term renal osteodystrophy refers to changes in bone morphology induced
by chronic kidney disease (CKD) and represents the skeletal component of the
entity ‘chronic kidney disease — mineral and bone disorder’. Changes in turn-
over, mineralization, mass and microarchitecture impair bone quality,
compromising strength and increasing susceptibility to fractures. Fractures
are more common in CKD compared with the general population and result
in increased morbidity and mortality. Screening for fracture risk and manage-
ment of renal osteodystrophy are hindered by the complex, and still only par-
tially understood, pathophysiology and the inadequacy of currently available
diagnostic methods. Bone densitometry and bone turnover markers, although
potentially helpful, have significant limitations in patients with CKD, and the
‘gold standard’ test of bone biopsy is infrequently performed in routine clinical
practice. However, recent advances in high-resolution bone microarchitecture
imaging may offer greater potential for quantification and assessment of bone
structure and strength and, when used in conjunction with serum biomarkers,
may allow non-invasive testing for a diagnostic virtual bone biopsy.

More recently, studies in both the general and CKD populations
have used novel, non-invasive, high-resolution (HR) imaging
techniques to elucidate bone microarchitecture and estimate bone
strength. HR imaging may have the potential to more accurately
predict bone changes and fracture risk without the need for bone
biopsy, with the potential to better shape and monitor novel
treatment strategies. We review these new imaging modalities,
including HR peripheral quantitative computed tomography
(HR-pQCT) and HR magnetic resonance imaging (HR-MRI, or
micro-MRI), in the diagnosis and risk stratification in ROD.

absorptiometry (DXA)) to predict fracture risk and the poor

reliability of serum biomarkers. Thus, bone biopsy is currently
the only dependable method of defining the bone abnormali-

RENAL OSTEODYSTROPHY AND FRACTURE
RISK

ties present in patients with CKD; however, limitations of bone

biopsies for ROD restrict their use in guiding treatment and are
often unhelpful or impractical for monitoring response to therapy.

© 2016 Asian Pacific Society of Nephrology

Kidney Disease: Improving Global Outcomes (KDIGO) state
that the term chronic kidney disease — mineral and bone
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disorder (CKD-MBD) should be used to describe a clinical en-
tity involving the disruption of mineral and bone metabolism
in patients with CKD. This terminology encompasses a constella-
tion of biochemical abnormalities, bone disturbances and extra-
skeletal calcification in soft tissue and arteries.® ROD refers to
alteration of bone morphology, forming the skeletal component
of CKD-MBD, and is quantifiable by histomorphometric parame-
ters of turnover, mineralization and volume (TMV).” The TMV
classification determined from bone biopsy provides a clinically
relevant and standardized description of bone pathology, which
can help define the pathophysiology, although the traditional
classification of ROD, based on the degree of bone turnover (ady-
namic bone disease, osteitis fibrosa or mixed osteodystrophy) and
mineralization (osteomalacia), is still commonly used in clinical
practice.®

Progressive deterioration in kidney function is accompanied
by characteristic metabolic and hormonal abnormalities in-
cluding reduced renal synthesis of 1,25-dihydroxyvitamin D
(1,25(0OH)2D), elevated fibroblast growth factor-23 (FGF23),
hyperphosphataemia, hypocalcaemia, increased parathyroid
hormone (PTH) and chronic metabolic acidosis. These
abnormalities adversely affect bone remodelling resulting
in alterations of turnover and mineralization and changes
in microarchitecture of the bone akin to normal ageing.”'°
Loss of bone mass, cortical thinning, increased cortical poros-
ity, trabecular thinning, perforation and disintegration are
some of the microstructural consequences of impaired
remodelling. ROD adversely affects bone quantity and qual-
ity at all hierarchical levels of bone structure. Bone strength,
a composite of bone quantity and quality,'" is compromised
in patients with CKD, increasing the susceptibility to fragility
fractures.

The risk of fractures is reported to be 4-14 times higher in
dialysis patients compared with individuals without kidney
disease, and fracture incidence is similar to individuals
10-15 years older in the general population.'*™'* This excess
risk also extends to earlier stages of CKD where estimated glo-
merular filtration rate (eGFR) of 15-60 ml/min per 1.73 m?
confers a 1.5-3 times greater risk of fracture compared with
that of the non-CKD population.'>™!” The increased suscepti-
bility to fractures in the CKD population is not, at least initially,
attenuated by kidney transplantation, with the relative risk of
hip fracture in renal transplant recipients up to 1.34-fold
greater compared with that of patients on dialysis over the first
2years after transplantation.* Several studies have recently
explored contemporary fracture epidemiology and highlighted
the persistence of this risk in the CKD population.' 820
Mortality from fractures in patients with CKD also remains
significantly high, despite competing risk analysis taking excess
mortality in CKD into account and adjusting for other likely
confounders.?! The potential for improvement and develop-
ment of novel screening tools for assessment of fracture risk
in patients with CKD assumes considerable importance given
the global burden of CKD and increasing incidence and
prevalence of end-stage kidney disease.?***

802

DIAGNOSTIC TOOLS FOR RENAL
OSTEODYSTROPHY IN CLINICAL PRACTICE

Measurement of bone mineral density (BMD) with DXA, or
using serum markers like PTH, alkaline phosphatase (ALP)
and bone-specific ALP (bALP) to determine bone turnover,
are current diagnostic aids for the determination of ROD in
clinical practice, with bone biopsy infrequently used in most
parts of the world.

Dual-energy X-ray absorptiometry

Bone mineral density measured by DXA is calculated by aver-
aging X-ray absorption over a two-dimensional area and there-
fore represents areal BMD (aBMD, in grams per square
centimetre), compared with volumetric BMD (vBMD, grams
per cubic centimetre), and thus may not be an accurate mea-
surement of true BMD (which is mass/volume). However,
DXA is the most widely used, inexpensive, non-invasive
screening technique for evaluating bone mass with low radia-
tion exposure. In patients without kidney disease, a low aBMD
measurement by DXA is a predictor of fracture risk** and a use-
ful guide to the efficacy of anti-resorptive treatments in condi-
tions of low BMD such as osteoporosis. However, fracture risk
assessment using DXA in the CKD population remains contro-
versial. The KDIGO CKD-MBD international clinical guide-
lines,® published in 2009, recommended the use of DXA to
assess fracture risk in patients with CKD stages 1-3 but not in
CKD stages 4-5 given the lack of definitive data demonstrating
predictive validity in the latter group. More recent prospective
studies have reported that low DXA-measured BMD was pre-
dictive of future fracture risk in patients with CKD stages 3-5
and on dialysis,>> 7 although the pharmacological or other re-
sponse to such a finding in this group is unclear. KDIGO have
recommended reassessment of the 2009 guideline statements
regarding DXA and CKD at a CKD-MBD Controversies Confer-
ence in 2013,%% and a guideline revision is currently in progress.
DXA has technical limitations when used in the CKD cohort as
aBMD measurement is unable to distinguish individual trabec-
ular or cortical BMD. This is a significant potential confounder
in ROD given the differential effects of secondary hyperpara-
thyroidism with greater bone resorption resulting in cortical
thinning.'® Additionally, although BMD is an estimate of bone
mass or ‘quantity’, it provides no information regarding bone
quality or turnover, and measurements may be skewed by de-
generative bone changes in the spine and extra-skeletal calcifi-
cation, especially in the aorta, which can contribute to the
density score.

Bone turnover markers

Parathyroid hormone, as a hormone influencing bone, and total
ALP or bALP are biomarkers commonly used in clinical practice
as surrogate markers of bone turnover despite assay limitations
and inconsistent results when assessing risk stratification.

© 2016 Asian Pacific Society of Nephrology



Osteocalcin and procollagen type 1 N-terminal propeptide are
other markers of osteoblast function and bone formation. Bone
resorption markers include tartrate-resistant acid phosphatase
5b and C-terminal telopeptide of type I collagen (CTX) for mon-
itoring osteoclast number and function respectively. However,
these serum markers are not widely used clinically because of
analytical and biological variability, and in patients with CKD,
variable renal clearances and undefined reference ranges (e.g.
osteocalcin, CTX and procollagen type 1 N-terminal propeptide)
make these markers difficult to interpret.

Both very low and very high PTH levels predict bone turnover
consistent with bone histomorphometry®’; however, the predictive
value between these extremes is poor. The relationship between
PTH levels and fracture is also inconsistent in observational stud-
ies.!>1%39 Additionally, racial differences influence the predictive
ability of PTH to define bone turnover status using the TMV classi-
fication.”® There is also significant biologic variation of PTH in
patients with CKD with one study reporting a high intra-individual
coefficient of variance (CV) for PTH of 25.6% (i.e. requiring mea-
surement of 26 specimens to estimate intact PTH of an individual
undergoing dialysis), which undermines the value of PTH as a reli-
able biomarker in ROD.*?

More recent cross-sectional and prospective imaging studies
in CKD and kidney transplant patients have noted strong asso-
ciations between levels of certain bone turnover markers and
changes in bone mass and architecture, which are potentially
useful in determining prevalent fractures, predicting bone loss
and fracture risk.>>*>*>7 In a prospective study involving 485
HD patients, limori et al.>® reported a higher fracture risk with
higher bALP, and both low and high PTH levels, as well as low
hip BMD. In another study including 143 consecutive kidney
transplant recipients, PTH levels >130pg/ml at 3 months after
transplantation were an independent predictor of new fractures
in the 5 years post-transplantation.>® In contrast, other imaging
studies have shown inconsistent, absent or only weak correla-
tion between biomarkers and bone microarchitecture.>*™*!

Novel circulating biomarkers of bone function include FGF23
and the Wnt inhibitors (sclerostin and dickkopf-1). In a recent
prospective trial of HD patients, baseline levels of FGF23 pre-
dicted changes in aBMD at the spine, and baseline tartrate-
resistant acid phosphatase 5b, with sclerostin predicting loss of
total vBMD at the hip as measured by QCT.>” In a cross-
sectional study that evaluated bone histomorphometry in 60
dialysis patients, low sclerostin levels were found to predict high
bone turnover better than PTH in adjusted analyses.** Low PTH
levels, however, were more predictive of low bone turnover.
Serum levels of dickkopf-1 did not correlate with PTH or any
histomorphometric parameter.

Bone biopsy

Bone biopsy is typically performed at the iliac crest after double
tetracycline labelling to allow assessment of bone formation rate
over time.*>** The procedure is invasive; requires expertise to
perform, process and interpret; and is rarely performed in most

© 2016 Asian Pacific Society of Nephrology
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clinical nephrological practice. Moreover, histomorphometry
only depicts bone microstructure at that single point in time
and place, and biopsies performed at one site may not reflect
concurrent changes in another. Despite these limitations, bone
biopsy provides the best ‘snapshot” of bone microarchitecture,
turnover and mineralization and continues to be the gold stan-
dard for the diagnosis of ROD. However, use of bone biopsy for
monitoring response to treatment of ROD is limited because of
its invasive nature.

HIGH-RESOLUTION IMAGING

High-resolution imaging techniques enable imaging of the
bone at the micro-level. Bone trabeculae measure 50-200 um
in thickness; therefore, any imaging system applied to in vivo
non-invasive micro-imaging of bone structure requires a high
enough spatial resolution in this range. Currently used in vivo
HR imaging modalities, HR-pQCT and HR-MRI, measure and
quantify cortical and trabecular geometry, microarchitecture
and strength.*>™*” The structural parameters are similar to
those obtained using classical histomorphometry, for example,
trabecular measurements like bone fraction, thickness, separa-
tion and number. In addition, topological analysis of trabeculae
(rod and plates) can be performed, and cortical measures like
thickness and porosity can also be estimated. HR-pQCT also
provides an accurate estimate of vBMD (Table 1).

Morphometric analysis performed by HR imaging tech-
niques has been validated with measurement by micro-CT in
ex vivo and in vivo studies,**! and HR imaging has been re-
ferred to as a ‘virtual bone biopsy’>*°* by some authors. Finite
element analysis (FEA), a computer-based simulation of
stresses and forces induced by the mechanical loading of a
structure, can be applied to three-dimensional HR-pQCT or
HR-MRI data to measure strength of whole bone or various
compartments. The apparent biomechanical properties of a
complex structure like bone (stiffness and elastic modulus)
may be computed by analysing small cubic elements (voxels)
with each voxel corresponding to a hexahedral finite element
of the bone structure. Micro-FEA (LFEA) may be a valuable
tool that may provide additional discriminatory power to pre-
dict fracture, independent of bone structural measures by HR
imaging and aBMD.>*

Quantitative computed tomography and
high-resolution peripheral quantitative computed
tomography

Quantitative computed tomography has a resolution of
approximately 300 pm and can be applied to central skeletal
sites (hip and spine) on whole-body CT scanners and peripheral
sites (e.g. radius or tibia) using dedicated smaller scanners
manufactured for this purpose. The effective radiation doses
differ and are in the range of 1.5-3 and <0.003 mSv respec-
tively for imaging at central and peripheral sites’” (Table 2).
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Table 2 Comparison of effective radiation exposure®"*2

Imaging technique/radiation exposure Effective dose (1Sv)

DXA 5-15
QCT 2D spine (2 vertebrae — scout) 60-300
QCT 3D spine 1500
pQCT 5-10
HR-pQCT <5
CXR 20
Abdominal CT 8000
Background exposure (per year) 1500-2400
Public exposure limits (per year) 1000

CT, computed tomography; CXR, chest X-ray; DXA, dual-energy X-ray absorpti-
ometry; HR-pQCT, high-resolution peripheral quantitative CT; Sv, sieverts.

QCT can discriminate cortical and trabecular compartments
providing separate measurements of total and compartmental
vBMD and cortical thickness and area. This is of particular
relevance in CKD where the aBMD measurements by DXA
can potentially be confounded by the opposing affects of hyper-
parathyroidism on cortical and trabecular compartments. Central
QCT studies have demonstrated strong association between spi-
nal cortical vVBMD and prevalent fractures®® and outperformed
DXA in identifying bone loss at the hip.*” pQCT, on the other
hand, has lower radiation exposure and has been used in several
studies in the CKD population. Most of these studies have been
cross-sectional and highlight the predominant loss of cortical
vBMD and cortical thickness in patients on HD,”” >’ peritoneal
dialysis®® and with kidney transplants.®* Two prospective studies,
involving pre-dialysis®? and HD®? patients, reported yearly loss in
cortical vBMD up to 2 years with pre-dialysis patients also show-
ing decreased trabecular vBMD. In a cross-sectional study of 52
HD patients, Jamal ef al.>® reported an association between frac-
ture and decreased radial cortical parameters of vBMD, thickness
and area determined by pQCT. Fractures were not associated
with trabecular vBMD and DXA measurements at central sites
in this study. Despite the advantages of pQCT however, HR-
pQCT, with its higher resolution and increased versatility, has
become the preferred tool to quantify bone microarchitecture in
research studies over the last decade.

High-resolution pQCT uses a dedicated extremity scanner to
measure total, cortical or trabecular vBMD and bone structure pa-
rameters from the distal radius or distal tibia, using the endplate as
the reference. The region of interest spans 9 mm of tissue, giving a
special resolution ~80 pm with a 3 min scan time and radiation
exposure of <5 uSv (Table 2). Image analysis and post-processing
are carried out using a standard protocol built into the system and
include semiautomatic contouring of the periosteal perimeter and
automated segmentation into cortical and trabecular compart-
ments by a ‘thresholding” technique with subsequent morpho-
metric and densitometric analysis. A hydroxyapatite calibration
phantom provided is used to independently determine
compartment-specific vVBMD by converting attenuation values
of tomographic images to hydroxyapatite mineral densities.*®
HR-pQCT is an accurate method for bone image acquisition and
analysis with high reproducibly*®**¢> for measuring vBMD (CV

© 2016 Asian Pacific Society of Nephrology
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<1%) and morphometric parameters (CV 5%), but motion arte-
facts are frequent and the technique has limitations in delineating
the transitional or cortico-trabecular zone of the bone which may
lead to erroneous measurements. Other potential problems
associated with this method include difficulties in growing chil-
dren or when comparing individuals of different races, ages or
genders.*” Currently, HR-pQCT scans are not readily accessible,
being used as research tools in a small number of centres, and
are also limited to peripheral sites, although second-generation
scanners potentially allow for in vivo measurements of the knee.

High-resolution peripheral quantitative computed
tomography in chronic kidney disease

A number of cross-sectional studies in CKD patients have
underlined the efficacy of HR-pQCT in detection of disrupted
cortical and trabecular microarchitecture®*>>4%41-€6=68 and dis-
crimination of fracture status®>>%°7-°® by demonstrating lower
cortical and trabecular vBMD, thinner cortices and abnor-
mal trabecular microarchitecture of the distal radius and
tibia (Table 3). Such studies have also provided evidence
of an association between hyperparathyroidism and in-
creased levels of bone turnover markers with abnormal
bone microarchitecture and fracture.>*>° Some studies have
highlighted an association between bone microstructure param-
eters derived with HR-pQCT and vascular calcification in dialysis
patients.®””® A few studies have demonstrated the ability of
DXA to discriminate and predict fracture risk as equivalent to
HR-pQCT,>>*”"! while others have reported limitations. Jamal
et al.®” compared the ability for fracture discrimination of HR-
pQCT with DXA in 211 participants with stage 3-5 CKD, 74 of
whom had prevalent fractures. HR-pQCT did not improve upon
BMD measured by DXA at the ultradistal radius (area under the
curve = 0.80) to discriminate between patients with and without
fractures. After a 2-year follow-up of this cohort, aBMD by
DXA at the ultradistal radius emerged as the strongest predic-
tor of incident fractures (area under the curve =0.74, 95% CI
0.65-0.83), with HR-pQCT parameters exhibiting similar
prognostic ability.”*

There has been a relative paucity of studies evaluating longitudi-
nal assessment of bone microarchitecture by HR-pQCT in patients
with CKD and in renal transplant recipients®*>®7"7? (Table 4). In
one longitudinal study involving 53 patients with CKD stages 2
to 5D (9 on HD), Nickolas ef al.>® reported deterioration in the cor-
tical microarchitecture after a median follow-up of 1.5 years. There
was reduced cortical area (—2.9%), density (—1.3%), thick-
ness (—2.8%) and significant increases in cortical porosity
(+4.2%) complemented by a decline in DXA-derived aBMD
at the ultradistal radius and total hip but no significant
change at the femoral neck or spine. Elevated PTH and bone
turnover markers predicted cortical changes. Iyer et al.>®
measured BMD by DXA and bone microarchitecture by
HR-pQCT at baseline, and 3, 6, and 12 months in 47 renal
transplant recipients on early corticosteroid withdrawal im-
munosuppressive protocol and demonstrated significant
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« 3 image registration methods to best define cortical ROI to asses endocortical bone loss

« CtPo increased 63.4% at radius by baseline indexed ROI

« aBMD by DXA; AUCt

2015 12 31 KT Radius, tibia

Nishiyama et al.”?

0.74 at ultradistal radius biggest predictor of incident fracture

2015 24 131 3-5 Radius

West et al.”'

0.59-0.65 for trabecular parameters to

0.70-0.72 for cortical parameters and AUCT =

predict incident fractures

« HRpQCT; AUCH

tFully adjusted model. aBMD, areal bone mineral density; AUC, area under the curve; BTM, bone turnover markers; CKD, chronic kidney disease; CtPo, cortical porosity; CtTh, cortical thickness; DXA, dual-energy X-ray
absorptiometry; FEA, finite element analysis; HR-pQCT, high-resolution peripheral quantitative computed tomography; KT, kidney transplant; PTH, parathyroid hormone; RO, region of interest; vBMD, volumetric bone

mineral density.

Renal osteodystrophy and bone imaging

decline in cortical area, thickness, total density and trabecu-
lar density and increases in trabecular area over the first
post-transplant year. Cortical decreases related directly to
PTH levels, whereas the relationship between PTH and tra-
becular bone decrease was bimodal. Moreover, these
changes were linked to significant reductions in estimated
bone strength. Nishiyama et al.”? explored the changes in
cortical porosity following renal transplantation in 31 recip-
ients over 1year using three different fully automated
methods to best detect endocortical bone loss. The
‘baseline-index” method, in which exactly the same region
was sequentially analysed, showed an increase in porosity,
and these changes had the strongest relationship with
changes in PTH and bone turnover markers. There was a sig-
nificant deterioration in cortical and trabecular parameters
and vBMD with a reduction in bone strength using FEA.

High-resolution magnetic resonance imaging

High-resolution MRI is an evolving, non-ionizing method for
quantification of bone microarchitecture in vivo analogous to
HR-pQCT. MRI uses the energy released by relaxation of the
magnetic spin of the hydrogen atoms (in water) in the tissues
induced by strong magnetic fields and radio-frequency energy
for image generation. In conventional T2 weighted MRI, corti-
cal bone appears dark (low signal) owing to its relatively low
water content compared with the bone marrow and surround-
ing soft tissues. HR-MRI is performed using clinical scanners
and customized pulse sequences, coils and post-processing soft-
ware, achieving a spatial resolution of 150-300 um. This
involves a complex cascade of steps (Fig. 1) generally including
customized radio-frequency sequences, region of interest selec-
tion, image acquisition, correction of motion artefacts and
image processing, which includes bone/marrow segmentation
and structural analysis yielding measurements corresponding
to parameters studied by bone histomorphometry.*>*¢ Like
HR-pQCT, the three-dimensional MRI data can also be sub-
jected to pFEA to estimate mechanical competence of the bone
and its interrelationship with structural measurements.”>’# In
contrast to HR-pQCT, HR-MRI can be performed on routine
MRI scanners, with the appropriate software, and therefore
may potentially have greater accessibility for future clinical
use. Most of the studies in MRI have reproducible results,””
albeit with significant heterogeneity in the techniques used.
High-resolution MRI of bone architecture has proven to be
technically challenging to optimize and standardize despite
the wide availability of MRI scanners in clinical practice. Mar-
row heterogeneity, propensity for off-resonance effects to gen-
erate artefacts, achievable signal to noise ratio and limited
spatial resolution, which depend upon sophisticated post-
processing techniques, have limited the use of HR-MRI largely
to peripheral sites (distal radius, distal tibia and calcaneus).
These issues have been addressed by researchers developing
innovative image acquisition, processing and analysis
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Fig. 1 (a) Representative high-resolution magnetic resonance imaging (HR-MRI)
image of distal tibia of a 34 year old man 12 months after renal transplantation.

(b) Anillustration of HR-MRI image acquisition and processing steps.*>”* Images

are acquired using custom-designed radio-frequency pulse sequences and coils.

The region of interest (ROI) for analysis is selected, and image is ‘registered’ to

ascertain imaging of the same region during subsequent scans motion
artefacts are screened for and corrected. The gray-scale values of the images

are scaled to range from 0% to 100%, with pure marrow and pure bone having

minimum and maximum values, respectively. This is known as bone volume

bone volumeltissue volume) mapping, with individual

voxel values representing the fraction of the voxel occupied by bone. Three-
dimensional renditions of cortical and trabecular compartments can then be

extracted from these images for structural and micro-finite element analysis

fraction (BVF or BV/TV

(FEA) (please note that there may be relative heterogeneity in processing

techniques used by different MRI labs).
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techniques, which have been subjected to calibration and vali-
dation studies over the last 15 years.**~! However, in recent
years, the feasibility of assessing cortical microarchitecture of
the proximal femur’®”” and bone strength has been demon-
strated.”® In addition, ultrashort echo time imaging techniques
have been applied to quantify the water content of cortical
bone”® as a potential surrogate measure of cortical porosity,
which is an important determinant of bone strength.®
Techawiboonwong et al.”® validated ultrashort echo time imag-
ing in bone specimens and demonstrated increased cortical po-
rosity by showing the bone water content to be 135 % higher in
patients undergoing maintenance HD compared with pre-
menopausal women, with no significant differences in tibial
vBMD of the respective groups.

Multiple in vivo clinical studies performed in non-CKD
cohorts have reported the utility of HR-MRI in demonstrating
the association between bone structure and fracture discrimina-
tion, "% structural and mechanical implications of therapeutic
interventions longitudinally on bone microarchitecture’*%>-87
and differential diagnosis in metabolic bone disease.**° How-
ever, there have been no prospective studies evaluating the role
of HR-MRI in fracture prediction, and the technique has not
been validated against bone histomorphometry. Moreover,
despite the advances in MRI techniques over the last decade,
there have been very few studies examining its role in ROD.

High-resolution magnetic resonance imaging in
chronic kidney disease

To date, there have been few studies assessing the use of HR-
MRIin the CKD population (Table 5). In a cross-sectional study
involving 60 patients and 20 controls, Link et al. reported that
MRI measures of trabecular structure of the calcaneus and
BMD of the spine (by QCT) could discriminate between
patients with and without fractures.®” The highest diagnostic
performance was achieved by combining the techniques. In
addition, MRI trabecular parameters were significantly lower
in pre-renal and post-renal transplant patients compared with
those in healthy controls, yet no changes were observed in
DXA-derived hip BMD in the groups. Wehrli et al.”° evaluated
the role of micro-MRI in assessing bone microstructure in 17
young adults on maintenance HD, compared with that in
age-, gender- and BMI-matched healthy controls, and reported
significantly lower cortical thickness and cross-sectional area in
dialysis patients compared with those in controls. There was a
non-significant trend suggesting trabecular disruption with
reduced trabecular numbers and an increased erosion index.
More recently, Rajapakse et al.”> applied nFEA to HR-MRI
images to assess cortical and trabecular bone strength in addi-
tion to structural parameters prospectively in 49 renal trans-
plant recipients. They demonstrated a decrease in stiffness
and failure strength in the distal tibia over 6 months after trans-
plantation without corresponding changes in the conventional
structural parameters.

© 2016 Asian Pacific Society of Nephrology
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CONCLUSION

Chronic kidney disease results in changes in bone structure
associated with increased fracture risk leading to enhanced
morbidity, mortality and healthcare costs. Bone biopsy, the
current gold standard to assess ROD, is invasive and suboptimal
for determination of renal bone disease and management in
routine clinical practice. HR-pQCT and HR-MRI provide accu-
rate non-invasive quantification of bone microarchitecture
and facilitate assessment of its mechanical competence, which
correlates well with skeletal fragility. Although emerging im-
aging techniques show promise, such studies need to be
interpreted in the context of the technical caveats, relative lack
of standardization and the limitations of imaging only periph-
eral sites. HR techniques need validation against bone histol-
ogy, and trials are required to determine their utility to
predict fracture risk and as substitutes for bone biopsy in inter-
vention studies in the CKD population. More accurate
methods of imaging at proximal skeletal sites and validated
non-invasive markers of bone turnover and mineralization are
also required before the ‘virtual bone biopsy” becomes a reality.
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ABSTRACT:

Renal osteodystrophy (ROD) refers to alterations in bone turnover,
mineralisation, mass and microarchitecture in patients with chronic kidney
disease (CKD) and represents the skeletal component of ‘CKD-mineral and
bone disorder’. Changes in bone structure lead to impaired bone quality,
compromised bone strength and increased susceptibility to fractures with
associated significant morbidity, mortality and financial cost. Diagnosis and
management of ROD is hindered by the inadequacy of currently available
diagnostic methods to interpret the complex pathophysiology. Bone biopsy,
the perceived gold standard test to assess ROD, is invasive and suboptimal
for disease screening and management in routine clinical practice.
High-resolution imaging, such as high-resolution peripheral quantitative
computed tomography and high-resolution magnetic resonance imaging
provide accurate non-invasive quantification of bone microarchitecture and
facilitate assessment of mechanical competence of bone, correlating with
skeletal fragility. We discuss the potential for these imaging techniques in
patients with CKD to provide quantification and assessment of bone structure
and strength. When used in conjunction with serum biomarkers, these investi-

gative tools may provide a non-invasive diagnostic virtual bone biopsy.

INTRODUCTION

Renal osteodystrophy (ROD) is a complex disorder of bone
resulting from the metabolic and hormonal abnormalities
that arise in chronic kidney disease (CKD). ROD is mani-
fested as disruption of bone architecture and abnormal
remodeling and affects all levels of bone structure hierarchy,
leading to impaired bone quality and compromised bone
strength with an increased susceptibility to fracture. Studies
in patients across the spectrum of CKD, ranging from CKD
stage 3 to end-stage kidney disease including dialysis and
especially renal transplantation, have overwhelmingly
highlighted the greater risk of fracture in the CKD population
when compared with age-matched and gender-matched
populations.’™ Higher rates of hospitalization and mortality
occur in patients with advanced CKD who develop
fractures.*® Early and accurate diagnosis of ROD is therefore
crucial, but current diagnostic methods are inadequate for
the need. Lack of robust screening tools for ROD has also
limited our ability to develop therapeutic options and
conduct appropriate interventional trials. Routinely used
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validated therapeutics, such as bisphosphonates and other
anti-resorptive agents, remain underused in advanced CKD
due to the paucity of evidence and the dynamic nature of ROD.

The complex pathophysiology of ROD, combined with the
limited efficacy of dual-energy X-ray absorptiometry (DXA)
and the unreliability of currently used serum and urinary
biomarkers to act as stand-alone screening tools for fracture risk
in patients with CKD, puts the onus of a definitive diagnosis on
bone biopsy. However, this procedure is invasive, requires
specialist expertise to perform and interpret the results and is
rarely performed in current clinical practice. Moreover, bone
histomorphometry only depicts microstructure at a single point
in time and bone biopsies performed at one site may not reflect
concurrent changes at another. The non-invasive assessment of
bone microstructure, by high-resolution imaging techniques
such as high-resolution peripheral quantitative computed
tomography (HR-pQCT) and high-resolution magnetic reso-
nance imaging (HR-MRI or micro-MRI), has therefore
attracted increased attention. To date, most research in high-
resolution imaging of bone has focused on populations without
CKD; however, a few imaging studies have targeted the added
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complexities of bone pathology unique to the CKD population.
We discuss the importance of these to the future diagnosis and
management of ROD.

High-resolution imaging - nuts and bolts

Bone mineral density (BMD) explains around 70-75% of the
variance in bone strength, while the remaining variance is
due to the cumulative and synergistic effect of factors such as
bone microarchitecture, tissue composition and accumulated
microdamage.” Assessment of the microarchitecture, in
addition to BMD, is important in the context of ROD, although
the high spatial resolution required to resolve bone microstruc-
ture in a clinically feasible scan time is challenging. Currently,
the best modalities reported to achieve these requirements
are HR-pQCT and micro-MRI.

High-resolution peripheral quantitative computed tomogra-
phy uses a low radiation dedicated extremity scanner
(XtremeCT; Scanco Medical AG, Briittisellen, Switzerland) to
measure cortical and trabecular bone structural parameters
and volumetric BMD (vBMD) from the distal radius or tibia.®
Micro-MRI, a non-ionizing method for in vivo quantification
of bone microarchitecture, is performed using readily available
clinical scanners but with customized pulse sequences, coils
and sophisticated post-processing and analysis.” HR-pQCT is
limited to peripheral skeletal regions like the wrist and ankle,
whereas micro-MRI can image other sites, such as the proximal
femur though, usually with lower spatial resolution.'® The
structural parameters measured by both these modalities have
been validated against the ‘gold standard’ measurements of
bone structure obtained by micro-computed tomography of
bone from a biopsy.'""'* The description of these parameters
follows the same nomenclature as classical bone
histomorphometry, leading some clinicians to refer to the pro-
cess as a ‘virtual bone biopsy’.!*>1*

Traditionally, vertebral fractures have been the clinical end-
points assessed in research studies, which has led to a focus
on deterioration in trabecular bone structure as a marker of
bone fragility. In recent years, research has seen the emergence
of cortical bone as a determinant of bone strength and cortical
porosity as a surrogate marker of bone loss and fragility,'”
helping to explain the vast preponderance of non-vertebral
and hip fractures. HR-pQCT measures cortical thickness and
porosity via a semi-automated protocol, which segments the
bone into cortical and trabecular compartments. This process
is susceptible to the confounding effect of ‘trabecularisation’
of the cortex, and can lead to errors in quantifying changes in
trabecular and cortical morphology with advancing age or drug
therapy.® While newer image analysis programs are being
developed for HR-pQCT to negate this confounding, feasibility
studies using micro-MRI and ultrashort-echo-time imaging
technique to quantify water content of cortical bone as a
cortical porosity have been
encouraging.'®  Techawiboonwong et al'®  validated
ultrashort-echo-time in bone specimens and

surrogate measure of
imaging
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demonstrated increased cortical porosity with bone water con-
tent 135% higher in patients undergoing maintenance
haemodialysis compared to pre-menopausal women with nor-
mal renal function, despite no significant differences in tibial
vBMD of the respective groups.

Finite element analysis (FEA), a computational method that
provides estimates of bone stiffness and failure load in response
to simulated mechanical loading scenarios, can be applied to
3-D HR-pQCT and micro-MRI data to measure strength, either
of whole bone or its compartments.'”'® In addition to correlat-
ing bone strength with its microarchitecture, bone mechanical
properties assessed by FEA may provide information about
skeletal fragility and fracture risk, independent of BMD or ar-
chitecture measurements, and add another potential method
of assessing bone vulnerability.'® Recently Rajapakse et al.%° de-
scribed a reproducible FEA method by using MRI to estimate
mechanical parameters that relate to hip fracture resistance.
This method is an attractive future proposition, and particularly
relevant to a population with advanced CKD and high rates of
hip fractures®?>'

Role of high-resolution imaging in patients with CKD

Cross-sectional studies utilizing HR-pQCT have demonstrated
lower cortical and trabecular vBMD, thinner cortices, and
abnormal trabecular microarchitecture of the distal radius and
tibia in CKD patients with prevalent fractures.*** Similar
investigations have also linked hyperparathyroidism and
increased levels of bone turnover markers with low vBMD,
abnormal bone microarchitecture and fracture.”>?® These
findings have been highlighted by prospective studies that have
reported progressive deterioration of cortical microarchitecture
and increased cortical porosity at peripheral sites in patients
with CKD stages 2 to 5D?7 and post renal transplantation'®2%
and have demonstrated associations with elevated parathyroid
hormone levels and bone turnover markers.

In one prospective study of 131 patients with pre-dialysis
CKD (stages 3-5), West et al.?® assessed the use of both DXA
and HR-pQCT to predict fractures, and after 2 year follow-up
demonstrated an association between low baseline BMD using
either method, incident morphometric spine fractures and
low-trauma clinical fractures. Bone loss occurred in all subjects
in this study, but was significantly greater among those with
incident fractures. The potential role of high resolution imaging
and FEA in therapeutic interventional trials has been illustrated
by Bonani ef a/*>° in a small randomised controlled trial of the
effect of denosumab on bone microarchitecture and mechani-
cal competence, assessed by HR-pQCT, in kidney transplant re-
cipients. Participants in the treatment group showed increased
total and cortical vBMD, cortical thickness and bone stiffness
compared to control group.

Multiple in vivo clinical studies using micro-MRI in non-CKD
cohorts have associated bone structure with fracture discrimi-
nation and demonstrated structural and mechanical implica-
tions of therapeutic interventions longitudinally on bone
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Table 1 Comparison between HR-pQCT and micro-MRI imaging techniques

Micro-MRI HR-pQCT
Imaging sites Distal tibia, radius, femur Distal tibia, radius
Scan time ~12 min ~3 min
Spatial resolution 137 x 137 x 410 pm3 anisotropic 82;1m3 isotropic
Radiation No <4 uSv
Measures Microarchitecture VvBMD, microarchitecture
Evidence for clinical * Microstructural changes in osteoporosis, * Microstructural changes in osteoporosis, with associated treatment interventions
applications hypogonadism and fracture discrimination, have been studied in non-CKD cohorts
« Fracture discrimination * CKD and kidney transplant including evaluating prediction for fracture risk

« Longitudinal monitoring of treatment effect
+ CKD and kidney transplant
» No prospective studies for predicting fracture risk

yet
Advantages « Performed on widely available clinical MRI scanners < Automated protocol once periosteal contouring defined by the operator
« No ionizing radiation « Assess all parameters of bone architecture including vBMD and cortical porosity
« Potential to assess femur microarchitecture sLow radiation
Limitations « Customized radio-frequency sequences and * Dedicated scanner — not available in clinical settings
peripheral hardware « Scans limited to peripheral sites by bore size and potential radiation exposure
« Sophisticated and complicated post-processing * Problems with segmentation and image registration techniques
techniques « Lack of standardized reference data
« Lack of standardized reference data and « Few but increasing number of studies in CKD and lack of robust validation against
heterogeneity of processing techniques histomorphometry

« Specialized techniques to measure cortical porosity
« Very few studies in CKD and lack of robust validation
against histomorphometry

CKD, chronic kidney disease; HR-pQCT, high-resolution peripheral quantitative computed tomography; micro MR, high-resolution magnetic resonance imaging; vBMD,
volumetric bone mineral density.

microarchitecture®' > Unfortunately, despite advances in MRI and appropriate bone turnover markers, can potentially be
techniques over the last decade, there have been few studies used to screen for bone fragility, predict fracture and help in de-
examining its role in ROD. Micro-MRI derived bone structural veloping therapeutic interventions and monitoring treatment
parameters in patients with CKD and renal transplant recipi- effect in the CKD population.

ents have been reported to discriminate between patients with While the euphoria surrounding the potential of high-
and without fractures.”* Wehrli et al.>> evaluated the role of resolution imaging is not unfounded, it has to be viewed in
micro-MRI in assessing bone microstructure in 17 young adults the context of technical caveats, relative lack of standardization
on maintenance haemodialysis, demonstrating significantly of reference and technical parameters, limitation of imaging to
lower cortical thickness and cross-sectional area and evidence peripheral sites and high costs (Table 1). These are potential
of trabecular disruption in the dialysis patients compared to hurdles in the projected implementation of high-resolution im-
controls. Rajapakse et al.'” applied finite element modeling to aging into mainstream clinical practice, and currently these
micro-MRI images to assess cortical and trabecular structure modalities are confined to the research setting. Moreover, both
and bone strength in renal transplant recipients, and demon- techniques need validation in large multi-centre prospective
strated a decrease in stiffness and failure strength in distal tibia trials to determine their utility in guiding clinical decision-
over 6 months post renal transplantation without correspond- making and improving outcomes in the CKD population.
ing changes in the conventional structural parameters. Requirements for further study before implementation include

developing and validating fracture prediction tools incorporat-
ing the uniqueness of ROD and techniques to image bone
The future of high-resolution imaging in CKD - more microstructure at proximal sites. These challenges are
research needed significant but not insurmountable, and once met, may fulfill

the vision of a “virtual bone biopsy’.
Bone abnormalities in CKD are inadequately understood and psy

poorly managed, mainly owing to the unique and complex
pathophysiology of ROD and the lack of diagnostic tools. REFERENCES
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Abstract

Background: Cortical bone is a significant determinant of
bone strength and its deterioration contributes to bone fra-
gility. Thin cortices and increased cortical porosity have
been noted in patients with chronic kidney disease (CKD),
but the “Turnover Mineralization Volume” classification of
renal osteodystrophy does not emphasize cortical bone as
a key parameter. We aimed to assess trabecular and cortical
bone microarchitecture by histomorphometry and micro-
CT in patients with CKD G5 and 5D (dialysis). Methods:
Transiliac bone biopsies were performed in 14 patients un-
dergoing kidney transplantation (n = 12) and parathyroid-
ectomy (n = 2). Structural parameters were analysed by his-
tomorphometry and micro-CT including trabecular bone
volume, thickness (TbTh), number (TbN) and separation and

cortical thickness (CtTh) and porosity (CtPo). Indices of bone
remodelling and mineralisation were obtained and relation-
ships to bone biomarkers examined. Associations were de-
termined by Spearman’s or Pearson’s rank correlation coef-
ficients. Results: By micro-CT, trabecular parameters were
within normal ranges in most patients, but all patients
showed very low CtTh (127 + 44 um) and high CtPo (60.3 +
22.5%). CtPo was inversely related to TbN (r = -0.56; p =
0.03) by micro-CT and to TbTh (r = -0.60; p = 0.024) by his-
tomorphometry and correlated to parathyroid hormone
values (r=0.62; p=0.021). By histomorphometry, bone turn-
over was high in 50%, low in 21% and normal in 29%, while
36% showed abnormal patterns of mineralization. Signifi-
cant positive associations were observed between osteo-
blast surface, osteoclast surface, mineralization surface and
bone turnover markers. Conclusions: Deterioration of corti-
cal microarchitecture despite predominantly normal tra-
becular parameters reinforces the importance of compre-
hensive cortical evaluation in patients with CKD.
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Introduction

Bone structure can be divided into cortical and cancel-
lous tissue compartments with approximately 80% of the
adult skeleton comprised of cortical bone and trabecular
bone in the cancellous compartment comprising the re-
mainder. The ratio of cortical to trabecular bone varies
widely for bones at different anatomic locations and with-
in the same bone at different sites. The 2 types of bones
also differ in arrangement of microstructure, which is re-
sponsible for the difference in their functional attributes.
Cortical bone is compact and dense and provides bulk
and strength, whereas the more “metabolically active”
trabecular bone is a honeycomb-like network of plates
androds [1]. Trabecular bone provides larger surface area
per matrix volume for remodelling to occur and is the site
of earlier and more rapid bone loss. With ageing, the cor-
tical bone undergoes increased remodelling leading to the
widening of long bones, thinner cortices and increased
remodelling spaces that are visualized as “pores” [2, 3].
When these changes are in great numbers, they can po-
tentially result in a marked increase in bone fragility and
heightened fracture risk.

The current concept of “bone quality” includes all lev-
els of bone structure and material composition as deter-
minants of bone strength [4, 5]. Although lower values of
bone mineral density measured by dual-energy X-ray ab-
sorptiometry (DXA) and trabecular bone loss have been
traditionally associated with increased fracture risk, new-
er high-resolution imaging techniques have highlighted
the important and independent contribution of the corti-
cal bone to overall bone strength and fragility [6-9]. Stud-
ies in people with chronic kidney disease (CKD), includ-
ing after renal transplantation, have highlighted their en-
hanced susceptibility to fracture compared with age- and
gender-matched controls [10-13] with consequent in-
creases in hospitalization and mortality [14]. For the clas-
sification of bone structural abnormalities in patients with
CKD, the development of the Kidney Disease Improving
Global Outcomes “Turnover Mineralization Volume”
(TMV) system [15] has been the most notable advance-
ment because it provides clinically relevant descriptors.
However, the assessment of cortical microarchitecture is
described as an adjunct to the trabecular bone measure-
ments. The common findings of cortical thinning and in-
creased cortical porosity in recent studies of patients with
CKD [16, 17] and their potential contribution to bone fra-
gility suggest a need to emphasize the evaluation of corti-
cal microarchitecture as a key parameter in addition to
trabecular changes within the TMV classification.

Renal Bone Disease and Cortical Porosity

In this cross-sectional study, we describe trabecular
and cortical microarchitecture obtained by classical his-
tomorphometry and micro-CT of iliac crest biopsies in
participants with CKD G5 and 5D (dialysis). Micro-CT is
an ex-vivo ultra-high resolution, non-destructive method
to acquire direct three-dimensional (3D) measurements
of cortical and cancellous bone microarchitecture and
images a much larger volume of interest than two-dimen-
sional (2D) histology.

Materials and Methods

Study Participants

Between December 2014 and January 2016, 14 participants,
planned for living donor kidney transplantation (n = 12) and para-
thyroidectomy (#n = 2), underwent transiliac bone biopsies at the
completion of their surgical procedure. Inclusion criteria were
CKD G.5 and 5D and non-participation in another trial at the time
of recruitment. The protocol was approved by the local Ethics
Committee and all patients provided informed consent.

Biochemical Measurements

Blood samples were obtained prior to surgery and analysed at
the Royal Melbourne Hospital using standard laboratory analysis
on an Elecsys Cobas autoanalyser system. Serum concentrations of
intact parathyroid hormone (iPTH) were determined using Archi-
tect iPTH (Abbott Laboratories, USA) chemiluminescent mic-
roparticle immunoassay. Osteocalcin (OC) and procollagen type 1
N-terminal propeptide (PINP), markers of osteoblast activity, and
beta-cross linked telopeptides (f-CTx), a marker of osteoclastic
resorption, were assayed by an electrochemiluminescence immu-
noassay (Elecsys®, Roche, Switzerland). Serum 1,25-dihydroxyvi-
tamin D (1,25[OH],D) was measured by radioimmunoassay (Im-
munodiagnostic Systems Ltd.).

Bone Histomorphometry

Participants underwent double tetracycline labelling for bone
histomorphometry, consisting of 3 days of doxycycline hydrochlo-
ride (100 mg twice daily), followed by a tetracycline-free interval
of 10 days and then tetracycline hydrochloride (500 mg twice dai-
ly) for 3 days. Anterior iliac crest bone biopsies were obtained un-
der general anaesthesia using a modified 7.5 mm Bordier trephine
(Landanger) via a horizontal approach as described elsewhere [18].
The specimens were fixed in cold, neutral, buffered 10% formalin
for up to 48 h and then dehydrated in 70% ethanol. The static and
dynamic parameters were examined and reported as measure-
ments in 2D using nomenclature established by the American So-
ciety for Bone and Mineral Research [19]. Normal ranges of bone
histomorphometry [20, 21] and micro-CT [22, 23] derived param-
eters were defined from previously reported data and local experi-
ence. Final histomorphometry results were categorized according
to the TMV classification [15].

Micro-CT

Micro-CT was performed by an experienced operator blind-
ed to patient characteristics. Bone debris was first eliminated
from the biopsy core (Fig. 1a), and the complete biopsy core was
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Fig. 1. Representative micro-CT images of a biopsy obtained from a study subject showing stages in processing
(a) biopsy core with debris, (b) three-dimensional longitudinal slice, and (c) two-dimensional longitudinal slice.
Trabecular bone, white arrows; Cortical bone, black arrows.

scanned using a Skyscan Model 1172 Micro-CT scanner (Bruker,
Aartselar, Belgium) at 50 kV, 200 mA with a 0.5-mm aluminium
filter using a isotropic voxel size of 4.3 microns. Images
were captured every 0.4° through 180° and then reconstructed
and analyzed using NRecon software (version 1.6.10.5; Bruker,
Belgium). The average scan time was 60 min per sample.
CTAnalyser software (version 1.16.1.0; Bruker, Belgium) was ap-
plied to quantify bone volume (BV) and architecture. Boundar-
ies of the cortical and cancellous compartments, indicated in
Figure 1b and ¢, were determined by X-ray attenuation of voxels
on a grey scale from 1 - black, indicating empty space and no
bone - to 255 - white, indicating most dense bone. A range from
1 to 59 for the cancellous compartment and 60-255 for the corti-
cal compartment produced the best binary images for analysis of
each compartment in the bone biopsy samples and these thresh-
old values were maintained across all samples to ensure integrity
of the study.

Three-dimensional analysis was applied to calculate morpho-
metric parameters within the total cancellous compartment
of each biopsy core, including trabecular BV to tissue volume (BV/
TV), trabecular number (TbN) and trabecular thickness (TbTh).
Using the binary images created by thresholding at 60-255 to ex-
clude denser (cortical) areas of the biopsy, the cancellous region of
interest (ROI) was then inverted to measure cortical BV (C.BV)
and cortical bone thickness (CTh). Within the cortical ROI, total
cortical porosity was calculated as the volume of all open and
closed pores as a percentage of the total C.BV. The cortical thick-
ness and porosity represent the mean of the 2 cortices for 10 bi-
opsy samples, while in the remaining 4 samples, only the intact
outer cortex was available for measurements. Analysis of the struc-
ture model index, which corresponds to the trabecular plate- or
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rod-like geometry, and the degree of anisotropy, for which higher
values indicate disruption of trabecular network connectivity, was
performed according to manufacturer’s specifications.

Statistical Methods

Results are presented as mean (+SD) for normally distributed
continuous variables and as median (and interquartile range
[IQR]) for continuous variables with skewed distributions. Cor-
relation analyses were conducted to investigate associations be-
tween parameters obtained by classical histomorphometry and
those obtained by micro-CT as well as biomarkers. Pearson cor-
relation coefficients were used to express the relationship between
variables if both parameters were normally distributed. Spearman
correlation coefficients were used if results of one or both param-
eters were not normally distributed. We compared the cortical
structural parameters measured by micro-CT in subjects with or
without high turnover and in subjects with or without normal
mineralisation. A 2-tailed p value <0.05 was considered statisti-
cally significant. Stata statistical software package (version 11.0,
Stata Corporation, College Station, TX, USA) was used for con-
ducting the analysis.

Results

Participant Characteristics

Demographic and biochemical parameters of the
study cohort are shown in Tables 1 and 2 respectively.
The mean age of participants was 44.4 + 10.3 years and
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Table 1. Baseline demographic parameters (n = 14)

Variable Values
Age at surgery, years 44.4+10.3
Gender, male, % 64.2
BM], kg/m? 27.114.8
Cause of CKD, %
Glomerulonephritis 42.8
Diabetes mellitus 14.2
Polycystic kidney disease 14.2
Reflux nephropathy 214
Other 7.14
Dialysis: HD/PD/none, % 42.8/21.4/35.7
Parathyroidectomy, % 7.14
Bone modulating therapy, %
Cinacalcet 7.14
Phosphate binder 57.1
Calcitriol 42.8
Cholecalciferol 214
Prednisolone 285

HD, haemodialysis; PD, peritoneal dialysis; BMI, body mass
index; CKD, chronic kidney disease.

64.3% were male. Glomerulonephritis (42.8%) was the
most common cause of CKD. Nine (64.2%) participants
were on renal replacement therapy (hemodialysis n = 6;
peritoneal dialysis n = 3) for a median duration of 8.5
(IQR 0-32.75) months, and 5 underwent preemptive
living donor renal transplantation. Potential bone-mod-
ulating medications prescribed to participants are listed
in Table 1. Median serum iPTH was 45.3 (24-
66.5) pmol/L. Serum iPTH values were above the Kid-
ney Disease Improving Global Outcomes CKD - Min-
eral and Bone Disorder Guidelines [24] target range of
up to 9 times the normal upper reference range of the
assay in 3 patients, 2 of whom were undergoing parathy-
roidectomy. Median values of bone turnover markers
were elevated as expected for these markers in patients
with CKD G5 and 5D. PINP and B-CTx were approxi-
mately 2 times and OC was 4 times the normal upper
reference value.

Bone Trephine Histomorphometry and Micro-CT

Measures

On histomorphometry of the cancellous compart-
ment, features of hyperparathyroidism and increased
bone turnover were present in 50% (n = 7) of partici-
pants, while 21.4% (n = 3) had low or absent bone turn-
over and little or no evidence of bone resorption based
on static indices of cellular activity; osteoblast, osteo-
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clast and eroded surface to bone surface (Table 3). Fea-
tures of osteomalacia, based on osteoid thickness,
surface, volume and smeared or absent tetracycline la-
bel were present in 35.7% (n = 5). The mean trabecu-
lar BV was within the normal range (Table 4) and was
low or low normal only in 28.6% of participants. The
mean cortical thickness was 868 + 410 um (normal
range 800-1,400 um) and cortical porosity was 10.8 +
8.2% (high >10%).

Quantitative histomorphometry by micro-CT was
characterised by deterioration in cortical bone, with
thin cortices (mean thickness 127 + 44 pm) and high
cortical porosity (60.3 £ 22.5%) in all participants. Tra-
becular parameters were relatively preserved (Table 4),
with reduced trabecular BV in only 21.4% of partici-
pants.

Comparing results from micro-CT and histomor-
phometry, measures of cortical thickness showed no
significant correlation but cortical porosity correlated
significantly (0.56; p = 0.036). Cortical porosity by mi-
cro-CT correlated to values of iPTH (r = 0.62; p = 0.02)
and was negatively correlated to TbN by micro-CT (r=
-0.56; p = 0.03) and TbTh (r = -0.60; p = 0.02) by his-
tomorphometry. Cortical thickness and porosity by
micro-CT showed no significant variation with histo-
morphometric parmeters of mineralisation or with
contemporaneous high or low turnover status. The me-
dian trabecular structure model index value was nega-
tive at 0.8 (-7.7 to 0.7; normal range 1.15 + 0.61), in-
dicative of cavities, and anisotropy was increased with
the mean degree of anisotropy 2.04 + 0.8 (normal range
1.49 * 0.18), indicating fewer trabeculae in directions
of lower load and disruption of trabecular network
connectivity. Histomorphometry parameters arranged
by the TMV classification are presented in Table 3 and
structural parameters by both techniques are listed in
Table 4.

Bone Biomarkers and Histomorphometry

Bone turnover markers correlated significantly with
all histomorphometric remodelling indices. PINP was
positively correlated to osteoblast surface (r = 0.54; p =
0.04), osteoclast surface (r = 0.65; p = 0.01) and miner-
alization surface (r = 0.74; p = 0.002). Similarly, 3-CTx
was positively correlated to osteoblast surface (r = 0.61;
p = 0.02), osteoclast surface (r = 0.66; p = 0.009) and
mineralization surface (r = 0.77; p = 0.001). There was
also a positive correlation of OC to both osteoblast sur-
face (r = 0.65; p = 0.01) and mineralization surface (r =
0.75; p = 0.003). Serum 25(OH)D values were associ-
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Table 2. Baseline biochemical parameters for KTRs and patients undergoing PTHx. Data presented as mean + SD or median (IQR)

Biomarker KTR (n=12) PTHx (n=2) Normal range
Calcium 2.44+0.1 2.46%0.3 2.10-2.60 mmol/L
Phosphate 2.07+0.3 2.83£0.2 0.75-1.50 mmol/L
Parathyroid hormone 38.4 (19-55) 246+101.6 1.7-10.0 pmol/L
Alkaline phosphatase 78 (63-121.5) 290+168.2 30-120 IU/L
25-hydroxyvitamin D 65.1£21.6 77.5%20.5 55-108 nmol/L
1,25-dihydroxyvitamin D 29 (20-70) N/A# 50-190 nmol/L
Osteocalcin 149.2 (30.9-203.6) 895+841.4 14-46 ng/mL
Beta-cross linked telopeptide 1.26 (0.82-2.48) 6.0+0.0 Males 0.1-0.6 ng/mL
Females* 0.05-0.8 ng/mL
Procollagen type 1 N-propeptide 123.6 (47.3-262.1) 1,665+657.6 Males 15-80 pg/L

Females* 15-90 ug/L

* Premenopausal reference range.

# Patients undergoing parathyroidectomy were pre-loaded with calcitriol, which would influence these results. Values of serum os-
teocalcin, beta-cross linked telopeptide and procollagen type 1 N-propeptide increase above the normal range in patients with reduced

renal function.

KTRs, kidney transplant recipients; PTHx, parathyroidectomy; IQR, interquartile range.

Table 3. Parameters measured by histomorphometry arranged by the TMV classification (n = 14). Data presented as mean + SD or me-

dian (IQR)

™V Variable Value Normal range

Turnover* Ob.S/BS, % 6.5 (2.9-16.6) 5.3+2.7
ES/BS, % 2.8 (0.4-5.2) 0.4-34
Oc.S/BS, % 3.4 (0.4-6.5) 0.5-2.5
sLS/BS, % 16.4 (4.9-37.2) 0.5-10.5

Mineralization OV/BV, % 2.1(0.8-9.2) 1.3-3.1
OS/BS, % 11.6 (8.4-32.6) 7.1-13.9
O.Th, um 14.1+9.1 9.2-14.9

Volume BV/TV, % 27+1.1 21-29

* In patients with features of hyperparathyroidism, the mineral apposition rate varied from 0.77 to 1.08 um/day (normal range 0.6-
0.8 um/day) and bone formation rate from 0.09 to 0.62 mm*/mm?/day (normal range 0.03-0.09 mm?/mm?/day). No label was detected
for patients with adynamic bone and patients with normal bone surfaces had indices in the intermediate range or smeared label for mixed
uraemic osteodystrophy. Due to difficulty reading the doxycycline label in some biopsies, sLS/BS is provided.

Ob.S/BS, osteoblast surface/bone surface; ES/BS, eroded surface; Oc.S/BS, osteoclast surface; sLS/BS, single-labelled surface (mine-
ralising surface); OV/BV, osteoid volume/bone volume; OS/BS, osteoid surface; O.Th, osteoid thickness; BV/TV, cancellous bone volu-

me/total volume; IQR, interquartile range.

ated with indices of resorption - osteoclast surface (r =
0.62; p = 0.02) and osteoclast number (r = 0.62; p =
0.01) - and mineralization surface (r = 0.64; p = 0.01).
Serum 1,25(OH),D values were associated with osteoid
width (r = -0.86; p = 0.001). There were no significant
relationships of bone biomarkers to other structural
parameters derived by histomorphometry or micro-
CT.
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Discussion

Cortical bone constitutes approximately 80% of the
adult skeleton and its contribution to fracture resistance
is well recognised. However, relatively few studies have
endeavoured to use histomorphometry [25, 26] or mi-
cro-CT of bone trephine samples, or utilised non-inva-
sive techniques [16, 17, 27] to assess cortical microarchi-
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Table 4. Microarchitectural parameters measured by 2D histomorphometry and micro-CT (n = 14). Data presented as mean + SD or

median (IQR)
Variable Mean + SD Normal range

Histomorphometry BV/TV, % 27.1+11.5 21-29
TbTh, um 157.6+60.1 90-175
TbN, I/mm 1.83+0.75 1.1-2.2
TbSp, um 368.5 (273.3-566.4) 770

Micro-CT BV/TV, % 20.3+£7.0 15.6+5.4
TbTh, um 110£37.0 151427
TbN, I/mm 2.20+1.44 1.4+0.27
TbSp, um 593+203 747+150
Mean cortical thickness, um 127+44 381+120*
Cortical porosity, % 60.31+22.53 4-10*

* Average values only; cortical thickness and porosity vary by gender and age.
BV/TV, trabecular bone volume; TbTh, trabecular thickness; TbN, trabecular number; TbSp, trabecular separation; IQR, interquar-

tile range.

tecture and porosity in patients with CKD G5, 5D or after
kidney transplantation. In the current study, 50% of pa-
tients had changes consistent with high bone turnover on
histomorphometry, accompanied by elevated PTH val-
ues, but all participants had markedly abnormal cortical
microarchitecture assessed by micro-CT with relatively
preserved trabecular structural parameters. This severe
cortical bone loss is remarkable, given that patients in
this study were relatively young (mean 44.4 + 10.3 years)
and healthy, with the majority undergoing transplanta-
tion, compared with older and non-transplantable
patients with CKD G5 and 5D. However, these charac-
teristics also limit the extrapolation of our results to a
general dialysis population. Of note, the cortical abnor-
malities were not as prominent by histomorphometry
and values for cortical thickness by micro-CT and histo-
morphometry were not significantly correlated. Differ-
ences in cortical thickness are unlikely to be due to the
segmentation threshold used for delineation of cortex
from the cancellous compartments by micro-CT, since
the thresholding value was consistent throughout the
samples. More likely, differences in thickness and poros-
ity relate to the limited portion of cortex assessed in 2D
by histomorphometry versus the entire cortex assessed
in 3D by micro-CT.

Physiological remodelling of bone with aging, or rap-
id unbalanced remodelling associated with metabolic
disease plays a key role in the pathogenesis of cortical
bone loss. Trabecular bone has a high surface-to-ma-
trix-volume ratio and provides a larger surface for ini-
tiation of remodelling compared with cortical bone. In-
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terestingly, the bone turnover markers PINP, B-CTx
and OC correlated to histomorphometric remodelling
indices in this study, despite the recognised difficulty of
interpreting these markers due to rises that accompany
deteriorating renal function. Serum 25(OH)D values
also correlated to indices of resorption and mineraliza-
tion. While vitamin D and its metabolites may have local
actions in the bone environment that include the facili-
tation of mineral deposition and the enhancement of
bone resorption [28], the basis of these associations is
unclear.

Cortical bone, although traditionally described as be-
ing compact, is traversed by Haversian and Volkmann
canals, which provide the intracortical surface for remod-
elling. Over time, with fewer trabecular sites available for
remodelling, there is increased bone loss from the cortical
compartment. Increased remodelling at intracortical and
endocortical surfaces, and uncoupling of bone formation
from resorption, lead to incomplete refilling of cavities
and widening of canals, and increases the available corti-
cal surface area for the initiation of remodelling events.
This results in the “trabecularisation” of the cortex and
increased cortical porosity [3]. A small increase in cortical
porosity disproportionately affects bone strength and
may potentially contribute to bone fragility [9, 29]. This
is significant, given that more than 70% of all fractures
occur at non-vertebral sites [30, 31] that are rich in both
cortical and trabecular bone. A number of studies have
demonstrated a relationship of fracture to the deteriora-
tion of cortical architecture with aging and metabolic dis-
ease [3, 6-8].
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To our knowledge, this study is the first to report
the role of micro-CT in assessing cortical porosity in
patients with CKD. Data on cortical porosity in the
CKD population is derived mainly from studies using
HR-pQCT, an imaging modality prone to certain limita-
tions in quantifying cortical bone structure [32]. For ex-
ample, trabecularisation of cortical bone may cause po-
tential measurement errors in segmentation between
cortical and trabecular bone compartments, leading to
the overestimation of trabecular density or underesti-
mation of cortical porosity [3, 33]. HR-pQCT does not
have the requisite resolution to measure cortical pores
smaller than 100 pm, which constitute about 60% of to-
tal pores, and this leads to significant underestimation
of total cortical porosity [29]. The average cortical po-
rosity defined by HR-pQCT is approximately 3-7% [34]
compared with a cortical void volume of 15-40% de-
rived by direct measurements of cortical bone water
identified in MRI studies [35, 36]. However, the very
high mean cortical porosity in our study (mean 60.3 +
22.5%), representing a higher number of larger “pores”
is likely to reflect uncoupled, largely PTH-mediated cor-
tical remodelling, and can only be partly attributed to
identification of larger numbers of pores by micro-CT
due to its higher resolution. In such a scenario, the rela-
tively normal trabecular structure observed in our study
may represent a differential action of PTH on trabecular
and cortical bone compartments.

This study supports recent histomorphometric [25,
26, 37, 38] and imaging studies [16, 17, 27, 39, 40] that
have reported changes in cortical bone microarchitec-
ture in individuals with CKD. In a cross-sectional study
involving 38 dialysis patients, Adragao et al. [25] report-
ed high cortical porosity in 57% and reported a signifi-
cant inverse relationship between femoral bone mineral
density and cortical porosity. The presence of high cor-
tical porosity and reduced cortical thickness in dialysis
patients was also reported by Malluche et al. [26] in a
large histomorphometry study of 630 bone biopsies.
Cortical porosity was related to hyper-resorption and
high turnover, and varied with race, being present in
50% of white and 75% of black patients, while reduced
cortical thickness was reported in 50% of white patients
and 10% of black patients. In a recent post hoc analysis
of histomorphometry data from a randomized con-
trolled trial [41], Araujo et al. [38] reported high cortical
porosity in 85% of 52 hemodialysis patients at baseline
and a subsequent increase in both PTH levels and corti-
cal porosity in patients who were treated for low bone
turnover. Similarly, imaging studies have described ab-
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normal cortical bone microarchitecture [39], progres-
sive cortical loss and increased cortical porosity to be
associated with hyperparathyroidism in patients with
CKD [16] including kidney transplant recipients [40]. In
the TMV classification, the measurement of cortical BV
and thickness is described as additional information to
that provided by the trabecular BV [15]. However, the
current and aforementioned studies emphasize the im-
portance of describing cortical microarchitecture as a
central parameter of the TMV classification, together
with the trabecular parameters.

Our study has some limitations including its cross-
sectional nature and small sample size without a non-
CKD control group. The sample size limits statistical ro-
bustness, and as a single-center study with 13 of 14 pa-
tients being Caucasian, the generalisability of our findings
to other centers and racial groups may be limited. Four
patients in our cohort were on maintenance predniso-
lone therapy at the time of transplantation and this might
have contributed to the overall finding of abnormal bone
structure in our patients. It is, however, hard to delineate
these manifestations from those due to ESKD in a small
cohort. The thresholding method of segmentation be-
tween cortical and cancellous compartments used in our
micro-CT analysis has known limitations. Inaccuracy in
differentiating cortical and trabecular bone by threshold-
ing can potentially result in overestimation of trabecular
parameters, which may be reflected in our finding of rel-
atively normal trabecular indices [33]. Some voxels being
evaluated for cortical porosity may contain varying pro-
portions of void volume and mineralized bone matrix. In
such voxels, the photo-attenuation caused by mineral-
ized bone may lead to the underestimation of the void
volume and cortical porosity [42]. These potential mea-
surement errors, if applied to our study, may present a
more severe picture of both cortical and trabecular archi-
tecture in our cohort. Despite these limitations, this
study is one of relatively few to report cortical micro-
structure and the first to utilize micro-CT to measure
cortical porosity and thickness from 3D sections in a
CKD-G5 and 5D cohort.

In summary, this study highlights a marked deteriora-
tion of cortical bone microarchitecture in CKD. Cortical
porosity has an established role in bone fragility, and a
focus on cortical changes represents a significant shift in
the assessment of renal osteodystrophy that may have di-
agnostic and treatment implications. In addition to the
TMYV classification of trabecular bone, the assessment of
the cortex (“C”) requires emphasis, but to establish an as-
sociation of cortical porosity and thickness to fractures in
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people with CKD, prospective studies are required. Such
studies, using newer non-invasive means to assess the
cortical and cancellous compartments that can be readily
repeated over time, mightlead to interventions using cor-

tical bone as a therapeutic target.
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ARTICLE INFO ABSTRACT

Background: Chronic kidney disease (CKD) adversely affects bone microarchitecture and increases fracture risk.
Historically, bone biopsy has been the ‘gold standard’ for evaluating renal bone disease but is invasive and
infrequently performed. High-resolution magnetic resonance imaging (MRI) quantifies bone microarchitecture
noninvasively. In patients with CKD, it has not been compared with results derived from bone biopsy or with
imaging using dual energy X-ray absorptiometry (DXA).

Methods: Fourteen patients with end-stage kidney disease (ESKD) underwent MRI at the distal tibia, bone mi-
neral density (BMD) by dual energy X-ray absorptiometry (DXA; hip and spine) and transiliac bone biopsies with
histomorphometry and microcomputed tomography (micro-CT). All patients had biomarkers of mineral meta-
bolism. Associations were determined by Spearman's or Pearson's rank correlation coefficients.

Results: MRI indices of trabecular network integrity, surface to curve ratio (S/C) and erosion index (EI), cor-
related to histomorphometric trabecular bone volume (S/C r = 0.85, p = 0.0003; EI r = —0.82, p = 0.001),
separation (S/Cr = —0.58, p = 0.039; EI r = 0.79, p = 0.0012) and thickness (S/C, r = 0.65, p = 0.017). MRI
EI and trabecular thickness (TbTh) also correlated to micro-CT trabecular separation (EI r = 0.63, p = 0.02;
TbTh r = —0.60, p = 0.02). Significant correlations were observed between histomorphometric mineralization
and turnover indices and various MRI parameters. MRI-derived trabecular parameters were also significantly
related to femoral neck BMD.

Conclusions: This study highlights the heterogeneity of bone microarchitecture at differing skeletal sites. MRI
demonstrates significant, relevant associations to important bone biopsy and DXA indices and warrants further
investigation to assess its potential to non-invasively evaluate changes in bone structure and quality over time.

Keywords:

Renal osteodystrophy

Bone biopsy

Magnetic resonance imaging
Micro computed tomography
Bone mineral density

Bone turnover

1. Introduction cancellous and cortical bone architecture to varying degrees. Structural

changes in ROD include alterations in thickness, number and spacing of

Renal osteodystrophy (ROD) refers to changes in bone quality as-
sociated with chronic kidney disease (CKD), and has been defined by
changes to histomorphometric parameters of turnover, mineralization,
and volume (TMV) [1]. Progressive decline in renal function adversely
affects bone microarchitecture, mineralization, collagen structure and
marrow composition. This may result in deterioration in both

trabecular bone and disruption to its orientation, connectivity, and the
ratio of its plate-like to rod-like structure. Similarly, abnormal bone
remodelling and turnover results in thinned cortices and increased
cortical porosity. These trabecular and cortical changes may lead to a
loss of overall bone volume and increased bone fragility [2, 3].
Patients with CKD have significantly more fractures than age- and
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gender-matched individuals without CKD [4]. The risk of sustaining a
fracture increases progressively as the glomerular filtration rate (GFR)
falls [5] and persists in the early years after transplantation [6].
Moreover, fractures in patients with CKD are associated with increased
morbidity and mortality compared to the general population [7]. Whilst
recent epidemiological studies have emphasized the increased fracture
risks of CKD [8, 9], tools used in clinical practice to evaluate ROD,
including dual-energy X-ray absorptiometry (DXA) to assess bone mi-
neral density (BMD) and biochemical bone turnover markers, have
more diagnostic limitations in patients with CKD than in the general
population. Bone biopsy and quantitative histomorphometry, the ‘gold
standard’ for diagnosis and classification of ROD, is invasive, expensive,
requires expertise to perform, process and interpret and is rarely used in
clinical practice. Furthermore, the microstructure of the non-weight
bearing iliac crest may differ in strength and structure from the per-
ipheral skeleton, where clinically relevant fractures often occur. This
has led to a search for reliable biomarkers and non-invasive high-re-
solution imaging modalities such as high-resolution peripheral com-
puted tomography (HR-pQCT) [10, 11], to determine bone micro-
architecture and to estimate bone strength in-vivo.

High-resolution magnetic resonance imaging (MRI) is a non-ionising
and non-invasive method for quantification of bone microstructure in-
vivo [12]. Clinical studies using MRI scans at peripheral anatomical
sites have reported associations between bone structure and fracture in
non-CKD cohorts [13]. Additionally, the long-term impact of ther-
apeutic interventions on the structural and mechanical components of
bone microarchitecture [14-16] can be evaluated using MRI. Despite
these putative advantages, few studies have examined its role in ROD
[17-20] or its utility in evaluating changes in cortical and trabecular
microarchitecture in patients with CKD. Moreover, in patients with
CKD, the relationship of structural parameters obtained by in-vivo MRI
to those derived from bone biopsy has not been explored. If validated,
MRI has the potential to assess bone microstructure and estimate
structural manifestations of strength at any anatomical site, including
common sites of fracture such as the hip, a site at which feasibility
studies have proven encouraging [21, 22].

The aim of this study was to compare information on bone structure
obtained from non-invasive MRI at the distal tibia, to parameters ob-
tained from transiliac bone biopsies submitted to standard histomor-
phometry and microcomputed tomography (micro-CT). Micro-CT ana-
lyses a much larger volume of interest compared with two-dimensional
(2D) histology and is a non-destructive method to acquire direct three-
dimensional (3D) measurements of cortical and cancellous bone mi-
croarchitecture, providing greater structural detail. In addition to
comparing bone structure parameters, we also assessed the relationship
of MRI to BMD obtained by DXA, the current standard of care in clinical
practice, and to laboratory indices. For this study, we recruited patients
with CKD stage 5 or 5D (on dialysis), who were likely on clinical
grounds to have ROD, with a range of structural bone abnormalities.

2. Materials and methods
2.1. Study participants

A total of 31 patients were approached, including 27 patients
planned for living donor kidney transplantation and four patients on
hemodialysis awaiting parathyroidectomy. Five transplant surgeries
were rescheduled or cancelled for clinical or logistical reasons. Sixteen
of the remaining 26 patients consented and were recruited between
December 2014 and January 2016, with 14 undergoing living donor
kidney transplantation and two undergoing parathyroidectomies.
Fourteen of the patients underwent transiliac bone biopsies at com-
pletion of the surgical procedure whilst under general anesthesia (12
after renal transplantation and 2 after parathyroidectomy). Inclusion
criteria were end-stage kidney disease (ESKD), no contraindications to
MR, and non-participation in another trial. The protocol was approved
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by the local ethics committee and all patients provided informed con-
sent.

2.2. MRI

MRI images were obtained within a 2-week period preceding the sur-
gery with a commercial 3.0-Tesla whole-body imager (Siemens Trio,
Germany). Participants were imaged in a feet-first prone position. MRI ac-
quisitions were performed at the left distal tibial metaphysis using a 3D ‘fast
spin echo’ pulse sequence readily available on any clinical MRI system re-
quiring a scan time of 12 min. This was undertaken utilizing a commercially
available eight-channel radiofrequency (RF) extremity coil used in clinical
practice. MRI parameters include 0.273 mm X 0.273mm X 0.6 mm voxel
size, 70mm X 70mm X 19.2mm field-of-view, 53 ms repetition time,
16 ms echo time, 12 averages, and echo train length of two. Raw MRI data
was pre-processed via bone volume fraction (BVF) mapping and segmen-
tation of the bone into trabecular and cortical compartments for structural
measurements and topological analysis using published algorithms [12, 19].
In brief, segmentation was determined by delineating the periosteal and
endosteal boundaries of the bone using an operator-guided semi-automatic
algorithm using a custom-built software [19] and standard micro-
architecture parameters were derived for trabecular and cortical bone
(Table 1). Topological analysis of the trabecular network was performed as
previously described and two composite parameters, reported to be sensi-
tive to microstructural change were also calculated [23, 24]. The surface/

Table 1
Bone microarchitecture parameters measured by MRI, micro-CT and histo-
morphometry.

Variable Mean * SD Normal range
[28-31]

MRI (tibia)”
BV/TV (%) 10.4 = 2.2
TbTh (um) 126 + 5.6
TbN (1/mm) 0.82 = 0.14
TbS (um) 1120 = 23
Cortical thickness 2632 * 545
(um)
S/C 5.51 = 1.36
EI 0.91 = 0.25

Transiliac biopsies

Micro-CT BV/TV (%) 20.3 £ 7.1 15.6 + 5.4%
TbTh (um) 110 + 37.0 150 + 30 pum
TbN (1/mm) 2.20 = 1.44 1.4 = 0.27/mm
TbS (um) 593 =+ 203 770 = 350
Mean single 127 * 44 381 + 120
cortical thickness
(um)
Cortical porosity 60.3 = 22.5 4-10%
(%)
Structure model -0.8(—7.7 to 1.15 + 0.61
index 0.7)
Degree of 2.04 = 0.8 1.49 = 0.18
anisotropy
Connectivity 31(—59to101) -
density (1/um3)

Histomorphometry ~ BV/TV (%) 27.1 = 11.6 21-29%
TbTh (um) 157.7 = 60.2 90-175 um
TbN (1/mm) 1.83 = 0.75 1.1-2.2/mm
TbS (um) 368.5 280-658 um

(273.3-566.4)

Abbreviations: Trabecular bone volume (BV/TV %), trabecular thickness
(TbTh), trabecular number (TbN), trabecular separation (TbS), surface to curve
ratio (S/C), erosion index (EI).

* Cortical thickness and porosity vary by age and sex. Thresholding and voxel
size may differ from current study.

" Median (Range).

# No validated normative data is currently available for structural para-
meters derived by MRIL
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curve ratio (S/C) is the ratio of all surface voxels to all curve voxels with the
former representing plate like elements and the latter being a marker of rod
like elements of the trabecular network. A higher S/C ratio indicates a
higher ratio of trabecular plates to rods, which is a hallmark of trabecular
network integrity. The other parameter is the erosion index (EI), the ratio of
topological parameters expected to increase to those parameters likely to
decrease with network erosion caused by osteoclastic resorption. A higher
ratio is consistent with greater deterioration.

2.3. Micro-computed tomography

Transiliac bone biopsies were performed under general anesthesia
at the end of the renal transplant or parathyroidectomy using a mod-
ified Bordier trephine [25]. Specimens were fixed in cold neutral buf-
fered formalin 10% for up to 48 h and then dehydrated in 70% ethanol.
The intact iliac crest cores were analysed using a Skyscan Model 1172
Micro-CT scanner (Bruker, Aartselar, Belgium) at 50 kV, 200 mA with a
0.5-mm aluminium filter using a pixel size of 4.3 um. Scanned images
were captured every 0.4° through 180°, reconstructed and analysed by
NRecon (software version 1.6.10.5; Bruker, Belgium). CTAnalyser
software (version 1.16.1.0; Bruker, Belgium) to quantify bone volume
and architecture. Boundaries of the cortical and cancellous compart-
ments were determined by X-ray attenuation of voxels on a grey scale
from 1; black, indicating empty space and no bone, to 255; white, in-
dicating most dense bone. A range from 1 to 59 for the cancellous
compartment and 60-255 for the cortical compartment produced the
best binary images for analysis of each compartment in the samples and
these threshold values were maintained across all samples. Three-di-
mensional analysis was applied to calculate standard morphometric
parameters within the total cancellous and cortical compartments of
each biopsy core (Table 1). The cortical porosity was calculated as the
volume of all open and closed ‘pores’ as a percentage of the total cor-
tical bone volume, and cortical thickness represented the mean of two
cortices for 10 biopsy samples, while in the remaining four samples
only the intact outer cortex was available for measurements. Other
derived parameters included structure model index (SMI), indicating
trabecular plate or rod-like geometry, degree of anisotropy (DA) and
connectivity density, which are surrogates for trabecular connectivity.
Micro-CT nomenclature and units accord with published guidelines
[26].

2.4. Bone histomorphometry

Histomorphometry was performed on the non-decalcified iliac crest
biopsies following completion of the micro-CT examination. Prior to
biopsy, participants had three days of doxycycline hydrochloride
(100 mg twice daily), followed by a tetracycline-free interval of
10-14 days and then tetracycline hydrochloride (500 mg twice daily)
for three days, with the biopsy performed three to five days later. Static
parameters were reported as measurements in two dimensions using
established nomenclature [27]. Bone turnover activity was assessed
from static indices including osteoblast surface and number and os-
teoclast surface, number and perimeter/eroded fraction, in addition to
tetracycline labeled perimeter/bone perimeter, mineral apposition rate
and bone formation rate derived from the tetracycline labels. Normal
ranges of bone histomorphometry, and micro-CT derived parameters
were defined from previously reported data [28-31] and local experi-
ence. Final histomorphometry results were categorized according to the
TMV classification [1].

2.5. DXA

Participants scheduled for kidney transplantation (n = 14) under-
went BMD measurements by DXA (QDR-4500 Discovery, Hologic,
Waltham, MA), at the lumbar spine, femoral neck and total proximal
femur. BMD values were expressed in g/cm? and as T- and Z-scores. All
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DXA scans were performed at one center by a single operator not in-
volved in the care of study participants and blinded to other study
measurements.

2.6. Biochemical measurements

All biochemical measurements were performed at The Royal
Melbourne Hospital prior to surgery. These included serum levels of
creatinine, calcium, phosphate, 25-hydroxyvitamin D (25(0OH)D), intact
parathyroid hormone (iPTH) and alkaline phosphatase (ALP). The es-
timated GFR (eGFR) was calculated according to the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) formula for non-dialysis
patients. All biochemical markers were measured using standard assays
and analyses were performed according to the manufacturer's instruc-
tions. Serum concentrations of iPTH were determined using Architect
Intact PTH (Abbott Laboratories, USA) chemiluminescent microparticle
immunoassay (CMIA).

2.7. Statistical methods

Results are presented as mean ( = standard deviation [SD]) for
normally distributed continuous variables and as median (and inter-
quartile range) for continuous variables with skewed distributions.
Correlation analyses were conducted to investigate associations be-
tween BMD and bone structural parameters, obtained at different
anatomical locations using the different imaging techniques and his-
tomorphometry, as well as biomarkers. Pearson correlation coefficients
were used to express the relationship between variables if both para-
meters were normally distributed. Spearman correlation coefficients
were used if results of one or both parameters were not normally dis-
tributed. Independent sample t-test or Mann-Whitney tests were used to
explore associations between MRI parameters and TMV parameters. A
two-tailed p value < 0.05 was considered statistically significant. Stata
statistical software package (version 11.0, Stata Corporation, College
Station, TX) was used for analysis.

3. Results
3.1. Patient characteristics

The mean age of patients at the time of surgery was
46.0 + 11.3years with 62.5% being male. Glomerulonephritis was the
predominant cause of ESKD in the cohort (37.5%) followed by reflux
nephropathy (18.8%) and diabetes (18.8%). At the time of surgery 11 of
16 patients were on renal replacement therapy (hemodialysis [HD]
n = 7; peritoneal dialysis [PD] n = 4) for a median duration of
20.5 months (5-34.2 months), whilst 5 of 16 were scheduled for pre-
emptive living donor renal transplantation. One patient, a 30-year-old
female undergoing parathyroidectomy, had a history of a low trauma
fracture. Another, 50-year female recipient of a kidney transplant had a
prior history of parathyroidectomy. Potential bone modulating treat-
ment used by participants in our cohort involved phosphate binders
(n = 8, 50%), prednisolone (n = 4, 25%), calcimimetics (n = 1, 6.3%)
and calcitriol (n = 5, 31.3%). Median serum iPTH was 45.3 (26.8-64.8)
pmol/L, and in four patients, iPTH values were above the Kidney
Disease Improving Global Outcomes (KDIGO) recommended target
range of up to nine times the normal upper reference range of the iPTH
assay.

Representative images illustrating trabecular and cortical compart-
ments of study participants are shown for MRI in Fig. 1 and micro-CT in
Fig. 2. Mean values of trabecular and cortical structural parameters
assessed at the distal tibia by MRI and at the iliac crest by micro-CT and
histomorphometry are presented in Table 1. Biochemical parameters of
patients are outlined in Table 2.



A.K. Sharma et al.

Bone 114 (2018) 14-21

Fig. 1. Intensity-inverted magnetic resonance images (MRI) of distal tibia of two study participants respectively showing (A) compact cortical bone and well
connected trabecular bone compartment; and (B) thinned and porous cortical bone and disconnected trabecular bone regions.

Fig. 2. Representative micro-CT images of a biopsy obtained from a study
subject showing trabecular (white arrow) and cortical bone (black arrow)
compartments in (A) biopsy core, (B) two-dimensional section, and (C) three-
dimensional section.

3.2. Bone histomorphometry and micro-CT

Bone turnover (T) activity was assessed as low in 21%, normal in 29%,
and high in 50% of participants. For patients with histomorphometry
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Table 2
Biochemical parameters of the study cohort (n = 16), median *= SD or median

(IQR).

Biomarker Values Normal range
Calcium 2.45 + 0.11 2.10-2.60 mmol/L
Phosphate 2.1 = 0.46 0.75-1.50 mmol/L

Parathyroid hormone
Alkaline phosphatase
25-Hydroxyvitamin D

45.3 (26.8-64.8)
89.5 (67.5-131.8)
65.2 = 21.2

1.7-10.0 pmol/L
30-120IU/L
55-108 nmol/L

findings suggestive of hyperparathyroidism, the mineral apposition rate
(MAR) varied from 0.77 to 1.08 ym/day (normal 0.6-0.8 um/day) and
bone formation rate (BFR) from 0.09-0.62 mms/mmz/day (normal
0.03-0.09 mm>/mm?/day). Mineralization (M) was abnormal in 35.7%,
based on histological features of increased osteoid surface, volume and
seam width. Trabecular bone volume (V) was relatively preserved. By
micro-CT, only 28.5% % of patients had BV/TV values > 1 SD below the
mean, and mean trabecular thickness, number and separation were also
within the normal range. However, cortical bone was characterised by thin
cortices and increased cortical porosity (Table 1). Cortical porosity by 2D
histomorphometry correlated to porosity by 3D micro-CT (r = 0.56;
p = 0.03), but there was no significant relationship between cortical
thickness measured by 2D histomorphometry and 3D micro-CT.

3.3. Associations of MRI and bone histology

3.3.1. Turnover

MRI parameters are static, and like static histomorphometric in-
dices, are likely to reflect the cumulative impact on bone structure of
changes in bone turnover over time. Significant negative associations
were present between eroded surface (ES/BS) by histomorphometry
and MRI-derived total bone area (r = —0.85, p = 0.004), trabecular
bone area (r = —0.71, p = 0.03) and cortical bone area (r = —0.83,
p = 0.005), Osteoclast surface (Oc.S/BS %) by histomorphometry was
negatively correlated to MRI-derived cortical area (r= —0.67,
p = 0.01). Unlike these static parameters, tetracycline labelling re-
presents current bone turnover. Nevertheless, a significant positive as-
sociation was detected between BFR and MRI derived trabecular vo-
lume (r = 0.56, p = 0.04), and negative associations were present
between BFR and MRI derived trabecular number (r= —0.59,
p = 0.03) and trabecular spacing (r = —0.58, p = 0.03). MAR corre-
lated significantly with S/C (r = 0.56, p = 0.04) with a negative trend
for EI (r = —0.53, p = 0.06). However, BFR and MAR were not reliably
determined on all samples due to inconsistent uptake of the first
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Fig. 3. Correlations, Pearson's (r), between trabecular topological parameters derived by MRI of distal tibia (MRI) with those at the iliac crest by 2D-histomor-

phometry.

Abbreviations: Surface to curve ratio (S/C), erosion index (EI), trabecular bone volume (BV/TV), trabecular thickness (TbTh, um), trabecular separation (TbS, pm).

doxycycline label, so these correlations should be interpreted with
caution.

3.3.2. Mineralization

There were no significant associations between MRI derived trabe-
cular or cortical bone structure and osteoid thickness or volume used to
assess mineralization. However, total bone area measured by MRI
correlated to osteoid thickness (r = 0.71, p = 0.006) and osteoid vo-
lume (r = 0.59, p = 0.03). Positive correlations were observed between
tetracycline labeled mineralizing surface to bone surface and MRI-de-
rived BV/TV (r = 0.61, p = 0.02) and TbN (r = 0.64, p = 0.04), with a
negative association to TbS (r = —0.63, p = 0.02).

3.3.3. Volume

When assessing volume, 3D techniques are superior to the 2D
structural parameters provided by histological sections. Nevertheless,
MRI derived S/C, indicating the plate to rod ratio of trabeculae at the
distal tibia, correlated positively to histomorphometry at the iliac crest
for trabecular bone volume (BV/TV, r = 0.85, p = 0.0003), trabecular
thickness (TbTh, r = 0.65, p = 0.017) and negatively to trabecular se-
paration (TbS, r = —0.58, p = 0.039) (Fig. 3). MRI-derived EI, which
increases with trabecular deterioration, correlated negatively to histo-
morphometric BV/TV (r = —0.82, p = 0.0006) and positively to TbS
(r = 0.80, p = 0.001) at the iliac crest.

MRI parameters and micro-CT-derived bone trephine indices are
listed in Table 1 and compared in Table 3. There were no significant
correlations between micro-CT-derived BV/TV, trabecular parameters
(TbTh, TbN, TbS) or cortical thickness (CtTh) with the same MRI
parameter, possibly due to differences in microarchitecture between the
different skeletal sites. However, lower micro-CT-derived cortical and
trabecular thickness and increased micro-CT-derived trabecular number
were inversely related to the MRI-derived S/C ratio, and there was a
positive association of increased trabecular separation by micro-CT and
the MRI-derived erosion index (EI) (r = 0.63, p = 0.02), which in-
creases with trabecular deterioration, (Table 3).
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3.4. MRI, BMD and biomarkers

Mean values of lumbar spine, femoral neck and total hip BMD de-
termined by DXA are presented in Supplementary Table 1, and the
correlations of these parameters with MRI indices are presented in
Supplementary Table 2.

Seven out of 14 (50%) patients, aged 33 to 63 years, met the World
Health Organization (WHO) criteria for osteopenia (T-Score —1.0 to
—2.5) and two for osteoporosis (T-Score < —2.5) respectively at the
femoral neck. Significant correlations were observed between BMD at
the hip and trabecular microarchitecture at the distal tibia by MRI and
iliac crest histomorphometry. All MRI-derived trabecular parameters
differed significantly for the participants with femoral neck T-
scores = —2.5 versus those with T-scores > —2.5 whereas total bone
area and trabecular area differed significantly for those with T-scores
within versus above the osteopenic range (Table 4). Similar relation-
ships were not observed between MRI and T-scores at the total proximal
femur or lumbar spine.

MRI-derived trabecular area correlated to values of ALP (r = 0.55,
p = 0.03) and TbS correlated to values of 25(OH)D (r = —0.57,
p = 0.03). There were no other significant associations between MRI
indices and biomarkers.

4. Discussion

To our knowledge, this study is the first to explore relationships
between non-invasive assessment of bone microarchitecture using MRI
at a peripheral skeletal site and quantitative histomorphometry at the
iliac crest in patients with CKD. The results of this study confirm the
complex skeletal phenotype of ROD and provide some encouraging data
for the potential utility of MRIL. Our results are congruent with previous
studies showing widespread bone loss and deranged bone micro-
architecture in relatively young patients with CKD. We observed sig-
nificant cortical bone loss with increased cortical porosity and trabe-
cular network deterioration but preserved trabecular volume at the iliac

crest; and demonstrated correlations between some structural
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Table 3
Correlations, Pearson's (r), between trabecular and cortical microarchitecture parameters measured by MRI and bone histomorphometry measured by micro-CT.
Modalities MRI (tibia)
Parameters BV/TV TbTh TbN TbS CtTh S/C EI
Micro-CT (iliac crest) BV/TV 0.25 0.30 0.24 —0.28 -0.43 0.30 —0.34
TbTh 0.05 —-0.09 —-0.03 —0.06 0.06 —-0.61 0.43
TbN 0.21 0.25 0.20 0.22 -0.24 0.60 —0.47
TbS —0.52 —0.60 —0.48 0.45 0.06 —0.51 0.63
CtTh 0.01 —0.01 0.01 —0.04 0.20 —0.62 0.41
SMI 0.25 0.18 0.23 —0.24 - —-0.11 0.11
DA 0.28 0.35 0.30 —0.29 - 0.39 —0.53
Conn.D (1/pm?®) 0.46 0.51 0.46 —0.45 - 0.49 —0.53

Abbreviations: surface to curve ratio (S/C), erosion index (EI), trabecular bone volume (BV/TV %), trabecular thickness (TbTh), trabecular separation (TbS), cortical
thickness (CtTh), structural model index (SMI) — relative index of rods and plates or cavities if negative), degree of anisotropy (DA), connectivity density (Conn.D).

* p < 0.05.

Table 4

Associations of trabecular and cortical microarchitecture parameters measured
by MRI (mean + SD) with bone mineral density findings at the femoral neck
(according to the WHO classification).

MRI parameter Value in patients with Value in patients with

osteopenia osteoporosis
Surface to curve ratio 5.5 + 0.85 3.6 = 21
Erosion index 0.90 = 0.1 1.3 = 0.6
Bone volume (%) 11.0 £ 2.2 7.2 £ 0.8
Trabecular thickness (mm) 0.13 + 0.006 0.12 = 0.0
Trabecular number (1/mm) 0.86 = 0.14 0.62 = 0.1
Trabecular separation (mm) 1.05 + 0.2 1.5 + 0.25
Cortical thickness (mm) 2.7 * 0.51 2.4 = 0.46

* p < 0.05 compared to subjects without osteopenia or osteoporosis respec-
tively.

** p < 0.01 compared to subjects without osteopenia or osteoporosis re-
spectively.

parameters assessed by different imaging modalities at skeletal sites
with varying load bearing profiles.

The relationships between parameters of trabecular network in-
tegrity at the tibia (S/C and EI with MRI), trabecular microarchitecture
at the iliac crest and BMD at the hip, demonstrate the widespread and
serious nature of bone deficits in CKD. This is clinically relevant be-
cause disruption of trabecular network connectivity, increased trabe-
cular separation and decreased trabecular number are associated with
aging and osteoporosis [32, 33] and have assisted in discriminating
between participants with or without fractures in histomorphometric
[34, 35] and HR-pQCT studies [36, 37]. Other structural measurements
derived from tibial MRI correlated weakly with corresponding para-
meters evaluated by histomorphometry. On the other hand, MRI-de-
rived trabecular measurements were predictive of BMD at the femoral
neck. The inverse relationships observed between MRI derived cortical
thickness and trabecular structural parameters by micro-CT are likely
representative of ‘trabecularisation’ of endocortical bone. This can lead
to inaccuracies in distinguishing the cancellous from the cortical com-
partments in this ‘transitional zone’ [38] causing potential over-
estimation of trabecular parameters.

This study demonstrates that MRI may have utility beyond quanti-
fication of bone microarchitecture, especially if combined with BMD
measurement and reliable markers of bone turnover. While we de-
monstrated significant correlations between MRI and histomorpho-
metric bone turnover parameters, these should be viewed with caution
given our small cohort and inconsistent uptake of doxycycline labels. It
is also important to recognize that MRI or micro-CT parameters are
static and represent a legacy of changes to bone accumulated over time,
which may not be indicative of current, dynamic bone turnover.

There are few other studies that can be compared or contrasted with
our results. Cohen et al. [39] compared HR-pQCT to classical bone
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histomorphometry and micro-CT of iliac crest biopsies in 54 partici-
pants without secondary osteoporosis or metabolic bone disease. They
demonstrated weak to modest but statistically significant correlations
between structural parameters obtained by these modalities. In a recent
study, Marques et al. [40] compared HR-pQCT (radius and tibia) and
bone histomorphometry in 31 CKD patients. They reported modest,
statistically significant correlations between structural parameters at
the two sites. Similar to those studies, our results suggest that structural
parameters measured by MRI are weakly to modestly associated to their
direct counterparts measured by histomorphometry. It is important that
these relationships are interpreted in the context of technical and
analytic differences in the measurement of similarly named parameters
by MRI, micro-CT and histomorphometry, three modalities with very
different image resolutions and processing algorithms.

This study highlights the variation in indices of bone structure by
anatomical site. While iliac crest biopsy has an established role as the
‘gold standard’ for ROD diagnosis, other skeletal sites also need con-
sideration as targets for systemic treatments that affect the whole ske-
leton. In fact, even at the iliac crest, contiguous bone biopsies in the
same patient with ROD have been reported to show up to 24% varia-
bility in trabecular bone parameters [41]. Similar variation has also
been demonstrated in measurements by micro-CT of biopsies obtained
from the cadavers of postmenopausal women [42]. Recent studies have
also reported variability in cortical bone architecture at various sites
[43]. The current study also demonstrates poor within-patient corre-
lation of cortical thickness and porosity measured by micro-CT and
histomorphometry. These differences are likely due to the larger 3D
sample size and higher resolution of micro-CT, versus the smaller, 2D
sample assessed by classical histomorphometry. Although histomor-
phometry studies in patients with CKD have described skeletal micro-
structural and mechanical abnormalities [44], the few studies designed
to examine links between bone histology and fracture have provided
mixed results [45, 46]. By contrast, several studies using MRI have
reported associations between microstructural parameters at peripheral
sites and spinal [13] and hip fracture [47], although only one such
study has been conducted in patients with CKD [17].

Our study has several limitations including its cross-sectional nature
and small sample size without a normal control group. The sample size
limits our ability to apply regression analyses to determine the ability of
a combination of imaging and biomarkers to predict TMV parameters.
Also, being a single-center study, the generalisability of our findings is
limited. Despite these limitations, this is the first study to compare MRI
measurements to histomorphometry plus micro-CT in patients with
CKD and provides a ‘proof of concept’ for larger studies. Notably, for
MR, this was achieved using a commercially available, routinely used
RF coil, which is a significant step towards wider availability. It also
compares multiple standards of care and experimental imaging mod-
alities (DXA, micro-CT, MRI) at different skeletal sites with histomor-
phometry. Although this approach gives us a comprehensive
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comparison of modalities, the technical and analytic differences in the
techniques and the inherent variations between structural and adaptive
characteristics of different skeletal sites make interpretation challen-
ging.

There is a heightened awareness of the increased fracture risk in the
CKD population, with a knowledge gap related to the pathologic me-
chanisms leading to fractures and the unmet need for adequate
screening tools to identify and stratify this risk [48, 49]. This has re-
sulted in an increased number of studies evaluating the utility of non-
invasive imaging techniques and biomarkers in renal bone disease.
There is also declining expertise in bone biopsy handling and analysis,
patients may be reluctant to undergo the procedure, and processing is
time consuming [50]. Whilst MRI is expensive, it is a technique widely
researched in the non-CKD population, and scanners and commercial
hardware are readily available. MRI may be able to quantify bone mi-
croarchitecture, improve fracture risk stratification and monitor inter-
vention in ROD.

5. Conclusion

In summary, our study compared new HR imaging technology to
traditional bone histomorphometry. Despite technical and analytical
differences and skeletal heterogeneity, we observed statistically sig-
nificant correlations between parameters assessed by histomorpho-
metry and MRI at different anatomical sites, while demonstrating as-
sociations of MRI parameters to BMD and indices of bone remodelling.
Validation of the role of MRI in CKD will require prospective trials,
designed to assess its potential for fracture prediction and monitoring
therapeutic intervention.
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1 | INTRODUCTION

Abstract

Bone disease in kidney transplant recipients (KTRs) is characterized by bone mineral
density (BMD) loss but bone microarchitecture changes are poorly defined. In this
prospective cohort study, we evaluated bone microarchitecture using non-invasive
imaging modalities; high-resolution magnetic resonance imaging (MRI), peripheral
quantitative computed tomography (pQCT), dual energy X-ray absorptiometry
(DXA), and the trabecular bone score (TBS) following kidney transplantation. Eleven
KTRs (48.3 + 11.2 years) underwent MRI (tibia), pQCT (radius) and DXA at baseline
and 12 months post-transplantation. Transiliac bone biopsies, performed at trans-
plantation, showed 70% of patients with high/normal bone turnover. Compared with
baseline, 12-month MRI showed deterioration in indices of trabecular network integ-
rity—surface to curve ratio (S/C; -15%, P =0.03) and erosion index (El; +19%,
P =0.01). However, cortical area increased (+10.3%, P = 0.04), with a non-significant
increase in cortical thickness (CtTh; +7.8%, P = 0.06). At 12 months, parathyroid hor-
mone values (median 10.7 pmol/L) correlated with improved S/C (r = 0.75, P = 0.009)
and El (r = -0.71, P = 0.01) while osteocalcin correlated with CtTh (r = 0.72, P = 0.02)
and area (r = 0.70, P = 0.02). TBS decreased from baseline (-5.1%, P = 0.01) with no
significant changes in BMD or pQCT. These findings highlight a post-transplant de-
terioration in trabecular bone quality detected by MRI and TBS, independent of
changes in BMD, underlining the potential utility of these modalities in evaluating

bone microarchitecture in KTRs.

KEYWORDS
bone mineral density, fracture, kidney transplantation, magnetic resonance imaging, post-
transplant bone disease, trabecular bone score

compared to an age and gender-matched population without CKD."
4 Kidney transplantation is the optimal treatment for end-stage

Fractures are a common and serious clinical complication of the min-
eral and bone disorder (MBD) that is almost ubiquitous in patients
with chronic kidney disease (CKD). A number of epidemiological
studies have highlighted that CKD predisposes to a dramatic in-
crease in fracture risk and resultant morbidity and mortality when

kidney disease (ESKD) but does not attenuate the susceptibility to
fracture. Indeed, fracture risk has been reported up to 34% higher
in the first 2 years post-transplantation compared to the preceding
period on dialysis,” with a fracture incidence up to 22.5% over the

first 5 years post—transplantation‘6 In addition, kidney transplant
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recipients (KTRs) have higher rates of hospitalization and mortality
after fracture than do people in the general population.” Although
reductions in bone mineral density (BMD) after transplantation have
been extensively reported, there is a paucity of post-transplant data
regarding modifiable risk factors for fracture.® Improved graft and
patient survival has further emphasized the importance of optimiz-
ing long-term clinical outcomes including risk of fracture and cardio-
vascular disease in KTRs.

Post-transplant bone disease is multifactorial, and includes
effects of immunosuppressive therapy, persisting hyperparathy-
roidism, “hyperphosphatoninism” and the consequences of post-
transplant impairment of renal function (CKD-T) superimposed on
pre-existing renal bone abnormalities.” The diagnosis and manage-
ment of post-transplant bone disease is therefore difficult, with lim-
ited validation of available diagnostic tools to evaluate changes in
bone structure or predict fracture risk. Although accelerated loss of
BMD in the first year after transplantation has been described as the

10-12 recent studies have

hallmark of post-transplant bone disease,
demonstrated a more conservative estimate of early BMD loss with
long-term values nearer to average for age and gender.*® The focus
of contemporary research has been on change in bone microarchi-
tecture post-kidney transplantation and its potential relationship
to bone fragility and biomarkers.1**8 A few studies based on histo-

1821 and, more recently,

morphometry have addressed this issue
studies involving non-invasive imaging, such as high-resolution
peripheral quantitative-computed tomography (HR-pQCT),*> high-
resolution magnetic resonance imaging (MRI)*22 and the Trabecular
Bone Score (TBS)?*%¢ have focused on defining changes in bone
microarchitecture.

In this prospective, observational study over the first 12 months
following transplantation, we report changes in bone microar-
chitecture and bone mass that were assessed using non-invasive
techniques: high-resolution MRI (tibia), dual-energy X-ray absorpti-
ometry (DXA) to assess BMD and the TBS, peripheral quantitative
computed tomography (pQCT, radius), and changes in biochemical
markers.

2 | MATERIALS AND METHODS

2.1 | Study participants

All patients referred for a living donor kidney transplant at The Royal
Melbourne Hospital between December 2014 and January 2016
were eligible for this study, providing they had no contraindication
to MRI, and were not participating in another trial. The protocol was
approved by the local ethics committee and all patients provided in-
formed consent. A total of 27 patients planned for living donor kid-
ney transplantation were approached for this study. Five transplant
surgeries were rescheduled or canceled for clinical or logistical rea-
sons. Fourteen of the remaining 22 patients were recruited and un-
derwent kidney transplantation. Eleven of these patients completed
follow up at 12 months. Among the exclusions, two patients moved

to a different state for post-transplant care and one patient had to
undergo nephrectomy after transplantation and was not included in

analysis.

2.2 | Immunosuppressive therapy

Patients received induction with basiliximab and methylpredniso-
lone (500 mg) and subsequently maintenance immunosuppression
comprising tacrolimus, mycophenolate mofetil, and prednisolone.
Initial prednisolone dose was 25 mg daily, tapered over 3 months to
a maintenance dose of 5 mg/d. Beyond 3 months, triple immunosup-
pression was continued in the absence of any abnormal findings on
protocol transplant biopsies (at 3 and 12 months post-transplant) or

a clinical indication to the contrary determined by the treating team.

2.3 | Bone histomorphometry

Transiliac biopsies were performed using a modified Bordier tre-
phine (Landanger) in 10 of 11 participants at the time of transplanta-
tion. The transiliac cores measuring 7 mm in diameter were analyzed
by histomorphometry and micro-computed tomography (micro-CT)
and were classified by Turnover (T), Mineralization (M), and Volume
(V) using the Kidney Disease Improving Global Outcomes (KDIGO)
recommended classification.?” Methodology relating to bone biop-

sies has been described previously.?®

2.4 | Noninvasive assessment of bone

2.4.1 | Magnetic resonance imaging

Magnetic resonance imaging images were obtained within 2 weeks
preceding transplantation (baseline) with a commercial 3.0-Tesla
whole-body imager (Siemens Trio, Siemens, Erlangen, Germany)
and at 12 months after kidney transplantation. Participants were
imaged in a feet-first prone position. MRI acquisitions were per-
formed at the left tibial metaphysis using a three-dimensional (3D)
“fast spin echo” pulse sequence readily available on any clinical
MRI system requiring a scan time of 12 minutes. This was under-
taken utilizing a commercially available 8-channel radiofrequency
(RF) extremity coil used in clinical practice. MRl parameters in-
clude 0.273 x 0.273 x 0.6 mm voxel size, 70 x 70 x 19.2 mm field-
of-view, 53 ms repetition time, 16 ms echo time, 12 averages, and
echo train length of two. Raw MRI data was pre-processed via bone
volume fraction (BVF) mapping and segmentation of the bone into
trabecular and cortical compartments for structural measurements
and topological analysis using published algorithms.29 Topological
analysis of the trabecular network was performed and two com-
posite parameters, reported to be sensitive to microstructure of

3031 \were calculated. The first of these, surface/curve ratio

bone,
(S/C)is the ratio of all surface voxels to all curve voxels with the for-
mer representing plate-like elements and the latter being a marker
of rod-like elements of the trabecular network. Age- and disease-

related deterioration of trabecular bone involves conversion
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TABLE 1 Demographic parameters at the time of
transplantation (n = 11)

Variable Values
Age at surgery (y) 48.3+11.2
Gender (n of males) 8
Body mass index (kg/mz) 264+41
Cause of ESKD (n)
Glomerulonephritis 4
Reflux nephropathy 3
Diabetes mellitus 2
Hypertension 1
Polycystic kidney disease 1
Dialysis: HD / PD / None (n) 3/4/4
Parathyroidectomy (n) 1

ESKD, end-stage kidney disease; HD, hemodialysis; PD, peritoneal
dialysis.

of plate (surface) like trabeculae to rod (curve) like trabeculae. A
higher S/C, therefore, indicates improved trabecular structure and
strength. Trabecular deterioration also involves erosion of trabecu-
lar elements, which is measured by the Erosion Index (El), defined
as the ratio of all topological parameters (image voxel parameters
representing various trabecular elements) expected to increase, to
those parameters likely to decrease with network erosion caused
by osteoclastic resorption. A higher ratio is consistent with greater
deterioration. Both S/C and El are derived parameters which have

been validated and used in previous studies.30%!

2.4.2 | DXA-derived BMD and TBS

Participants underwent baseline and 12-month BMD measurements
by DXA (QDR-4500 Discovery; Hologic, Waltham, MA, USA), at the
lumbar spine, femoral neck and total proximal femur. BMD values
were expressed in g/cm2 and as T-scores. TBS is a novel indirect
index of trabecular microarchitecture derived from pixel grayscale
texture variations in the lumbar spine images acquired by DXA.%?
TBS iNsight Software (version 3.0.2.0; Medimaps, Merignac, France)
was used to calculate TBS values for the lumbar spine (L1-L4). A
higher TBS score is consistent with better trabecular connectiv-
ity and a reduced risk for microarchitectural damage, while a lower
TBS is consistent with increased risk for microarchitectural damage.
Based on results of two recent studies,?>?* a TBS cut point of 1.37

was used to stratify patients to reduced or increased fracture risk.

2.4.3 | Peripheral quantitative-
computed tomography

Three-dimensional pQCT tomographic images can be used to assess
cross-sectional structure and volumetric density. We used pQCT
(Stratec XCT-300; Stratec Medizintechnik, Pforzheim, Germany) at
the distal radius to derive total, cortical and trabecular volumetric

g civcal TASPLANTATION -y LEY_ 2

BMD (vBMD), cortical thickness (CtTh) and cortical area (CtA) at
baseline and 12 months. All DXA and pQCT scans and TBS meas-
urements were performed at one center by a single operator not in-
volved in the care of study participants and blinded to other study

measurements.

2.5 | Laboratory measurements

Blood samples for routine biomarkers were obtained before trans-
plantation and at 3, 6, and 12 months post-transplantation. Serum
concentrations of intact parathyroid hormone (iPTH) were deter-
mined using Architect Intact PTH (Abbott Laboratories, Abbott
Park, IL, USA) chemiluminescent microparticle immunoassay
(CMIA). Bone turnover markers and serum 1,25-dihydroxyvitamin
D (1,25[0OH],D) were also measured at baseline, 6 and 12 months.
Osteocalcin (OC) and procollagen type 1 N-terminal propeptide
(PANP), markers of osteoblast activity, and the osteoclastic resorp-
tion marker beta-cross linked telopeptide (B-CTx) were assayed
by an electrochemiluminescence immunoassay (Elecsys®; Roche
Diagnostics, Basel, Switzerland). Serum 1,25[0OH],D was measured

by radioimmunoassay (Immuno-Diagnostic Systems, Boldon, UK).

2.6 | Statistical methods

Results are presented as mean (tstandard deviation) for normally
distributed continuous variables and as median (and interquartile
range) for continuous variables with skewed distributions. Wilcoxon
signed-rank test was used to assess changes in parameters between
baseline and at 12 months post-transplantation. Correlation analy-
ses using Spearman correlation coefficient were conducted to in-
vestigate associations between longitudinal changes in parameters
obtained by various modalities. A two-tailed P value <0.05 was con-
sidered statistically significant. Stata statistical software package
(version 11.0; Stata Corporation, College Station, TX, USA) was used
for analysis.

3 | RESULTS

3.1 | Participant characteristics

Baseline demographic characteristics and potential bone modu-
lating medications prior to and after transplantation are shown
in Tables 1 and 2, respectively. The mean age of participants was
48 + 11 years, 72.7% were male and mean body mass index of
the cohort was 26.4 + 4.1 kg/m?. Glomerulonephritis (36.3%) was
the most common cause of ESKD followed by reflux nephropa-
thy (27.2%) and diabetes mellitus (18.1%). Seven (63.6%) partici-
pants were on dialysis (mean duration 19.4 + 16.7 months) and
four underwent pre-emptive kidney transplantation. None of
the participants received anti-resorptive therapy prior to or after
transplantation. There was one episode of biopsy proven acute
cellular rejection treated with methylprednisolone and increased
tacrolimus and mycophenolate. The remainder of participants
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continued on maintenance immunosuppression, including predni-
solone 5 mg daily, after their respective 3-month protocol biop-
sies. The mean cumulative dose of prednisolone over 12 months

per patient was 3244 + 68.6 mg.

TABLE 2 Bone modulating therapy prior to and after
transplantation (n = 11)

Bone modulating At transplantation Post-trans-

3.2 | Bone histomorphometry

Ten patients had baseline bone histomorphometry with four (40%)
having evidence of high bone turnover, three normal and three low
turnover, Mineralization was abnormal in four and trabecular bone
volume was normal in seven and low in three. By micro-CT mean CtTh
was reduced and cortical porosity was increased in all patients.?®

therapy (n) plantation (n)
Cinacalcet 1 1 3.3 | Longitudinal changes in bone
Phosphate binder (CCB/ 3/5 0 microarchitecture by MRI
NCCE) At 12 months there was deterioration in MRI-derived parameters
Calcitriol 4 3 of integrity of the trabecular network. S/C, indicating the plate to
Cholecalciferol 3 5 rod ratio of trabeculae, decreased by 16% (P = 0.03) from baseline.
Prednisolone 3 11 El, which increases with trabecular deterioration, increased by 23%
CBB, calcium-containing binders; NCBB, non-calcium-containing (P=0.01; Table 3, Figure 1). There were no statistically significant
binders. differences between pre- and post-transplantation trabecular bone
X X TABLE 3 Bone microarchitecture
Modality Parameter Baseline 12 mo P value .
parameters measured by magnetic
MRI (tibia) s/C 5.5+1.50 4.6+1.66 0.03 resonance imaging (MRI), bone mineral
El 09 +0.29 111+0.34 0.01 density (BMD) determined by dual energy
X-ray absorptiometry (DXA) and
BV/TV (%) 10.0+2.1 99+24 0.76 . s
peripheral quantitative computed
TbTh (um) 125.0+5.3 125.7£5.0 0.33 tomography (pQCT), and Trabecular Bone
TbN 0.80+0.14 0.77 +0.14 0.54 Score (TBS) at the time of transplantation
TbS (um) 1161.6 + 246.3 1187.1 + 241.1 0.72 and at 12 mo follow up
CtTh (mm) 2.68 +0.55 2.89 £ 0.64 0.06
Total area (mm?) 9788.8 + 1996.3 9931.0 £ 2712.6 0.59
Trabecular area 6692.2 +1742.4 6443.0 £ 2552.3 0.65
(mm?)
Cortical area 3107.8 £ 692.5 3428.5 +811.5 0.04
(mm?)
DXA LS BMD (g/cm?) 1.02 +0.09 0.99 £ 0.10 0.20
LS T-score -0.85(-1.2t0 0.37) -0.9 (-1.5t0 0.15) 0.17
FN BMD (g/cm?) 0.70 £ 0.14 0.69 +0.12 0.50
FN T-score -1.5(-2.4 to -0.6) -1.6(-2.5t0 -0.9) 0.47
TH BMD (g/cm?) 0.86 +0.14 0.86+0.11 0.50
TH T-score -0.9 (-1.7 to -0.25) -0.6 (-1.6 to -0.25) 0.30
TBS TBS 1.27+0.11 1.21+£0.12 0.02
pQCT TbvBMD (g/cm®)  186.8 +48.7 174 +43.5 0.07
(radius) CtvBMD (g/cm®)  1164.2 £ 50.9 1161.4 + 39.7 0.65
Total vBMD (g/ 319.6 £ 76.4 302 + 69.2 0.20
cm?®)
CtTh (mm) 2.62 +0.50 2.72+0.45 0.20
Trabecular area 176.6 £ 29.8 175.6 + 34.02 0.81
(mm?)
Cortical area 92.0+19.8 92.1+21.3 0.72
(mm?)

BV/TV, trabecular bone volume; CtTh, cortical thickness; El, erosion index; FN, femoral neck; LS,
lumbar spine; S/C, surface to curve ratio; TbN, trabecular number; TbS, Trabecular separation; TbTh,
trabecular thickness; TH, total hip; vBMD, trabecular and cortical volumetric bone mineral density

(Tb vBMD and Ct vBMD).
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volume, trabecular number, and trabecular separation. Post-trans-
plantation CtA increased significantly by 10.3% (P = 0.04) while there
was a non-statistically significant 7.8% increase in CtTh (P = 0.06).

3.4 | Longitudinal changes in pQCT

By pQCT at the radius there was a non-significant increase in CtTh.
There were no longitudinal changes in pQCT derived cortical or tra-

becular area or in total, cortical or trabecular volumetric BMD.

3.5 | Longitudinal changes in DXA-derived
BMD and the TBS

At the time of transplantation, 80% of the study participants met
BMD criteria for osteopenia or osteoporosis at the femoral neck. The
median T-score at the femoral neck was -1.6 (-2.4 to -0.6), whereas T-
scores at the total proximal femur and lumbar spine were in the normal
range (Table 3). At 12 months, there was a 2.2% decrease in lumbar
spine BMD (mean change -0.22 g/cm2 [-0.56,0.12]), a 2.7% decrease
in femoral neck BMD (mean change -0.10 g/cm? [-0.39, 0.19]) and a
1.1% increase in BMD at the total hip (mean change 0.1 g/cm? [-0.14,
0.34]), with none of these changes reaching statistical significance.

Prior to transplantation, the mean TBS was 1.27 + 0.11, with
9 of 11 (81.8%) patients having a TBS below 1.37. The mean TBS
decreased at 12 months to 1.21 +0.12 (P = 0.02) with 10 out of 11
(90.9%) patients having a TBS lower than 1.37. The TBS at baseline
and follow-up, was not significantly related to BMD or any structural
parameter derived by MRI.

3.6 | Changes in biochemical markers

Baseline and 12-month follow up biochemical parameters and bone
turnover markers are presented in Table 4. Immediately before trans-
plantation, the median serum iPTH was 43.6 (16.5-57.5) pmol/L,

which is within the target range recommended by the KDIGO Chronic
Kidney Disease-Mineral and Bone Disorder (CKD-MBD) guidelines.
At 12 months, 54.5% of patients had mild persistent hyperparathy-
roidism with median PTH 10.7 (7.4-17.0) pmol/L. With return of renal
function, values of 1,25[OH],D rose by 78% from baseline to 6 months
and remained stable within the normal reference range to 12 months.
Values of bone turnover markers affected by renal function (OC, p-
CTx and P1INP) fell from the pre-transplant period to 12 months as
expected. On the other hand, alkaline phosphatase (ALP), which re-
flects osteoblast activity and is not influenced by renal function, did
not change significantly from pre-transplant to 12 months. As indi-
cated in Figure 2, mean values of serum P1INP, B-CTX and OC had all
fallen toward the upper normal range by 6 months, with no statisti-

cally significant change from 6 to 12 months.

3.7 | Associations of laboratory variables to
structural parameters

Pre-transplant values of serum PTH, PINP, p-CTx, and OC were
not significantly associated with any structural MRI parameters.
However, at 12-months, levels of PTH correlated to S/C (r = 0.75;
P =0.009) and El (r = -0.71; P = 0.01) but not to other structural pa-
rameters (Figure 3). OC levels at 12 months correlated to MRI de-
rived CtTh (r = 0.72; P = 0.02) and area (r = 0.70; P = 0.02) at the tibia.
OC also correlated to pQCT parameters of CtTh (r = 0.70; P =0.03)
and area (r = 0.67; P = 0.05) at the radius. On the other hand, values
of serum PTH and the assayed bone turnover markers were not cor-
related to any BMD value or the TBS at baseline or 12 months.

3.8 | Clinical outcomes

One patient (with type 2 diabetes mellitus and PTH 65 pmol/L at

baseline) was diagnosed with avascular necrosis of both hips after
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TABLE 4 Biochemical parameters at

LRl R 12mo AT the time of transplantation and at 12 mo
Creatinine (mmol/L)? 501 +54.3 106.2 £ 21.5 0.003 follow-up
eGFR? 10.4+2.0 67.1+11.2 0.003

Calcium (mmol/L) 2.45+0.13 247 +£0.11 0.82

Phosphate (mmol/L) 1.98 £ 0.39 1.00+0.16 0.003

iPTH (pmol/L) 43.6 (16.5-57.5) 10.7 (7.4-17.0) 0.01

ALP (IU/L) 79.0 (66.0-111.0) 84.0 (68.0-109.0) 0.79

25[OH]D (nmol/L) 63.7+24.0 86.0 294 0.14

1,25[OH],D (nmol/L) 38.5(20.0-72.5) 144.5 (97.0-173.7) 0.01

OC (ng/mL) 125.8 (30.8-161.7) 24.3(20.3-38.1) 0.01

B-CTx (ng/mL) 1.08 (0.81-2.3) 0.69 (0.41-1.24) 0.02

PINP (ng/L) 134.2 (43.0-269.2) 66.0 (42.8-117.0) 0.20

1,25[0H],D, serum 1,25-dihydroxyvitamin D; 25[OH]D, 25-hydroxyvitamin D; ALP, alkaline phos-
phatase; eGFR, estimated glomerular filtration rate; iPTH, intact parathyroid hormone; OC, osteoc-
alcin; PINP, procollagen type 1 N-terminal propeptide; p-CTx, beta-cross linked telopeptides.
#Values at baseline for pre-dialysis patients receiving pre-emptive transplants only (n = 4).
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the study period completed, and subsequently sustained a sponta- 4 | DISCUSSION

neous trochanteric fracture requiring total hip replacement. There

were no clinically detected incident fractures during the 12-month After kidney transplantation, factors contributing to deterioration
study period. in bone quality include immunosuppressive therapy, abnormalities
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in mineral homeostasis, and remodeling superimposed upon pre-
existing renal osteodystrophy. Although post-transplantation loss
of bone mass or BMD has been well documented, changes in bone
microarchitecture are not well described. In this study, we aimed to
define changes in bone microarchitecture over the first post-trans-
plant year using a combination of high-resolution imaging techniques
and biochemical markers of bone turnover.

In this cohort study of 11 KTRs with predominantly high or
normal turnover at baseline, changes in some MRI parameters and
the TBS were consistent with deterioration in trabecular network
and connectivity, while MRI suggested an improvement in cortical
microarchitecture over 12 months post-transplantation. Notably,
there were no statistically significant changes in BMD by DXA, de-
spite a significant decline in the TBS to values associated with an
increased fracture risk.?* These changes in bone were accompanied
by changes in biomarkers of mineral metabolism, which were con-
cordant with published data.3®34

Progressive deterioration in trabecular connectivity and mi-
croarchitecture after transplantation is clinically relevant because
it may increase bone fragility without quantifiable changes in bone
volume. It has previously been reported that the conversion of
trabecular structure from plate-like to rod-like and disruption of
network connectivity adversely impacts mechanical strength of

36-38 3nd discrim-

bone,* is associated with aging and osteoporosis
inates between participants with or without fractures in imaging
studies.’%%? The observed relationship of post-transplantation
PTH values to improvements in the S/C and El measurements,
likely reflects an anabolic effect of mild hyperparathyroidism on
trabecular bone.*°

The MRI-derived longitudinal improvement in cortical microar-
chitecture in our study is contrary to changes reported by con-
temporary imaging studies in kidney transplantation.’**> The only
other MRI study to longitudinally evaluate cortical and trabecular
microarchitecture in KTRs reported a decline in cortical, trabecular,
and whole-bone stiffness at 6 months after transplantation in the
absence of any significant corresponding changes in microarchitec-
ture or BMD.Y However, lyer et al, investigated bone structure
changes in KTRs on an early corticosteroid withdrawal regimen and
demonstrated a decrease in HR-pQCT-derived CtA (-3.9%, radius;
-2.7% tibia) and thickness (-3.1%, radius; -1.9% tibia) and an increase
in cortical porosity at 1-year post-transplantation. This decrease in
CtTh and area was related to higher PTH levels. In comparison to the
study by lyer et al, the participants in our study had higher baseline
PTH (43.7 pmol/L vs 27 pmol/L), were generally more osteopenic
(mean T-score -1.5 vs -0.8) and were on traditional corticosteroid
regimen. The overall results should be interpreted in the context of
these differences. Participants in the present study were also signifi-
cantly younger with only two (of 11) over 55 years of age compared
to 27 (of 47, 57%) patients above 55 years of age in the study by lyer
et al. Notably, cortical deterioration occurs with advancing age and
is more common in people above 60 years of age. Few other stud-
ies have described longitudinal changes in cortical bone post-kidney
transplantation.
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In contrast to previously published data about the predominance
of low bone turnover in ESKD patients,“‘42 70% of our participants
had features of high or normal bone turnover at the time of trans-
plantation, accompanied by universally thin cortices on micro-CT
but with relatively preserved trabecular bone volume—an overall
picture suggestive of moderate to severe secondary hyperpara-
thyroidism. We postulate that the improvement in MRI-assessed
cortical microarchitecture in our study is likely a result of suppres-
sion of excessive bone resorption and unmasking of bone modeling
due to a decline in PTH levels and represents a partial correction
of hyperparathyroidism-related bone changes after kidney trans-
plantation. This release from excess remodeling and endocortical
resorption may lead to net adaptive periosteal apposition and a sta-
bilization or increase in cortical surface area and thickness.*>** In
our study, the relationship between post-transplantation OC levels
and CtTh and area at both the tibia (MRI) and the radius (pQCT) are
suggestive of net bone formation. Similar to these conclusions, a re-
cent study of paired bone biopsies at baseline and 1-year post-trans-
plant reported significant declines in parameters of bone resorption
at 1 year, with no changes in other static parameters.® Trabecular
bone volume was also normal in most patients at baseline and only
decreased minimally after transplantation. Julian et al,’%in an early
prospective histomorphometry study, also reported similar normal-
ization of osteoclast resorption markers and resolution of hyper-
parathyroidism at 6 months post-transplantation.

Currently, there is no reference range for TBS for individuals
with CKD because of the relative lack of studies investigating its
utility in CKD?%*® and renal transplantation.?*?° Two studies have
proposed values of the TBS to discriminate between subjects with
and without fracture in CKD stages 3-4 (TBS < 1.27)* and in KTRs
shortly after kidney transplantation (TBS < 1.37).2* In the current
study, we observed a significant decline in mean TBS at 12 months
post-transplantation from a baseline score already consistent with
an increased fracture risk. It is possible that the TBS is reduced
early after transplantation with recovery over the longer term.?®
The longitudinal decline in TBS paralleled the MRI-derived dete-
rioration in trabecular architecture and was unrelated to areal or
volumetric BMD changes. By comparison, we observed no sig-
nificant decline in BMD over 12 months. This is consistent with
contemporary data showing more stable BMD long term after

13,18

transplantation and may represent a recovery after loss of

bone mass early after transplant.*®

Our study has several limitations. The small sample size limits
its statistical robustness and restricts the ability to apply regres-
sion analysis to evaluate predictors of changes in bone microarchi-
tecture. This includes the effects of bone-modifying treatments
on changes in bone structure. Also, being a single-center study,
the relevance of our findings to other centers is limited. Despite
these limitations, our study is one of very few to explore longitu-
dinal changes in bone structure after transplantation using high-
resolution imaging.

In summary, using MRI and DXA-derived TBS in a small sample of
relatively young living donor KTRs, we identified changes consistent
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with a progressive deterioration in trabecular bone quality and an in-
creased fracture risk. The lack of significant interval changes in BMD or
pQCT parameters accentuates the potential importance of assessing
bone health post-transplantation by alternate means. The preservation
of cortical structure in our cohort, although different to available data,
may represent a partial correction of bone abnormalities related to sec-
ondary hyperparathyroidism. Overall, our study highlights the hetero-
geneous nature of bone microarchitecture changes in post-transplant
bone disease and supports further investigation of non-invasive imag-
ing modalities in larger prospective trials to assess the evolution of his-
tologic and structural changes in bone after transplantation. Changes in
MRI parameters and the TBS may be of particular interest for detecting

changes that may increase post-transplant fracture risk.
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SUMMARY AT A GLANCE

This is a retrospective study on 532 renal
transplant recipients, in which authors
compared the outcomes after
transplantation between those being
treated with cinacalcet (n = 72) and
cinacalcet-naive counterparts before
transplantation (n = 460). With the strength
of a large sample size and long duration of
follow up, the study observed higher
post-transplant parathyroid hormone level
and calcium level among those
discontinuing cinacalcet.

ABSTRACT:

Aim: Cinacalcet is effective in reducing parathyroid hormone (PTH) in
patients on dialysis. Reports of biochemical profiles and other clinical out-
comes in patients discontinuing cinacalcet at time of renal transplantation
are limited.

Methods: A retrospective study assessing markers of mineral metabolism,
graft and patient outcomes in renal transplant recipients to determine dif-
ferences in patients discontinuing cinacalcet (C+) compared with patients
not treated with cinacalcet (C-) at time of transplantation. To allow for
differences between groups in pre-transplant biochemical parameters, we
also analysed a matched cohort of C- with C+ recipients (2:1), matched for
age, calcium and PTH levels at transplantation.

Results: Five hundred thirty-two recipients (460 C-, 72 C+), transplanted
January 2006-December 2012, were analysed, mean age 48.0 + 12.7 years and
64.3% were men. At a median 42.9 months follow up, there were 10 deaths
(1.9%), 56 allograft loss (10.6%) and 5 parathyroidectomies post-transplant
(0.8%). Median PTH immediately pre-transplant was higher in C+ versus C—
(50.7(25.4-75.2) versus 28.3(13.9-49.7) pmol/L, P < 0.001). Twelve-month post-
transplant PTH was reduced but higher in C+ (11.7(6.9-21.2) vs 7.2(4.6-11.2)
pmol/L, P<0.001). Mean calcium was higher for C+ versus C— at 12 months
(2.50£0.19 vs 2.43 £ 0.17 mmol/L, P < 0.001), with differences to 4 years post-
transplant. No difference was seen in renal function, graft loss, post-
transplant parathyroidectomy rate and mortality. In the matched cohort
(144 C- vs 72 C+), similar findings were also seen.

Conclusion: Differences in mineral metabolism post-transplant are seen
with cinacalcet pre-transplant compared with no cinacalcet. Transplant
recipients discontinuing cinacalcet had higher post-transplant PTH and
calcium although the clinical significance is unclear.

Secondary hyperparathyroidism (SHPT) is associated with
abnormalities in mineral metabolism and is a progressive
disease, which affects a substantial proportion of patients
with chronic kidney disease (CKD).! Mineral and bone dis-
order in CKD (CKD-MBD), particularly elevated levels of
calcium, phosphate and parathyroid hormone (PTH), has
been associated with increased morbidity and mortality in

46

numerous studies of patients with CKD and end-stage
kidney disease (ESKD) on dialysis.*?> At the time of renal
transplantation the majority of patients with ESKD have
SHPT.* Successful renal transplantation improves calcitriol
synthesis and appears to reduce PTH levels in most cases.
However resolution of SHPT is incomplete in up to
50% of renal transplant recipients at one year after

© 2015 Asian Pacific Society of Nephrology
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Table 1 Studies evaluating post-transplant biochemical profiles in patients discontinuing cinacalcet at the time of transplantation

Study Year Study design Sample size ‘n’ Follow up — mean Results
(on cinacalcet) (months)
Torregrosa et al.”® 2009 Prospective 19 (19) 6 PTH and Ca higher in 6/191
PTH and Ca unchanged in 13/19%
Jadoul et al.® 2010 Retrospective 38 (28) 12 No change in PTH, Ca and P
Evenepoel et al."” 2012 Prospective 303 (21) 35.6+15.8 PTH and Ca higher in cinacalcet-treated
Higher rate of parathyroidectomy and nephrocalcinosis in
cinacalcet-treated
Paschoalin et al.'® 2012 Retrospective 46 (46) 12 Cinacalcet pre-transplant not associated with allograft
calcification
Barros et al."? 2014 Prospective 48 (20) 6 PTH and Ca higher in cinacalcet-treated
Weekers et al.?° 2015 Retrospective 97 (36) 1 Delayed graft function higher in cinacalcet-treated

tCinacalcet dose 260 mg/day. +Cinacalcet dose = 30 mg/day. Ca, calcium; P, phosphate; PTH, parathyroid hormone.

transplantation even in the presence of good renal allograft
function.*” Hyperparathyroidism and hypercalcaemia post-
transplantation have been associated with poorer graft
outcomes,®” soft tissue and vascular calcification,®® and
increased incidence of fractures.'

Calcimimetic agents increase the sensitivity of the calcium-
sensing receptor (CaSR) to extracellular calcium and have
been an important therapeutic option in patients with per-
sistent SHPT despite use of standard therapies including
phosphate binders and vitamin D analogues. Cinacalcet, an
allosteric modulator of the CaSR, has been approved for
treatment of SHPT in dialysis patients since 2004 in the
United States, 2005 in Europe and 2007 in Australia. Studies
have reported efficacy in suppressing PTH secretion, reducing
serum calcium and phosphate levels, reducing the need for
parathyroidectomy, and potentially lowering fracture rate
and reducing cardiovascular hospitalization in dialysis
patients.''"* In a large randomized placebo-controlled trial
evaluating the effect of cinacalcet on clinical outcomes in
dialysis participants, however, there was no statistically sig-
nificant difference, according to intention-to-treat analysis,
for the primary outcome, which was a composite end-point
of mortality and cardiovascular end-points, perhaps related
to methodological problems including drop-in and drop-out
of the treatment arm and a predictably low event rate in
patients aged less than 65 years.'* In Australia, cinacalcet was
approved in late 2007 for treatment of SHPT in patients with
ESKD on dialysis, but not for use in renal transplant recipi-
ents and has therefore been discontinued in most patients at
the time of transplantation. This potentially results in
marked hyperparathyroidism and associated metabolic con-
sequences post-transplant leading to adverse biochemical
and clinical outcomes.

Few studies have attempted to evaluate the effects of dis-
continuing cinacalcet at the time of transplantation on
mineral metabolism (Table 1).!°"'* Studies are limited by low
patient numbers or lack of data concerning clinical out-
comes. Most studies have found that a proportion of patients
receiving cinacalcet before transplantation develop hypercal-

© 2015 Asian Pacific Society of Nephrology

caemia with persistent hyperparathyroidism, and in some
cases, hypophosphataemia, after renal transplantation. We
report a retrospective study of renal transplant recipients,
transplanted over a 7 year period, assessing markers of
mineral metabolism and other patient outcomes for up to 5
years of follow up. We aimed to determine differences in
post-transplant biochemical parameters and long-term clini-
cal outcomes of graft function, parathyroidectomy rates and
survival in transplant recipients administered cinacalcet on
dialysis prior to transplantation compared with those who
were not treated with cinacalcet.

METHODS

Study design and setting

We performed a single-centre retrospective study at The Royal
Melbourne Hospital (RMH), Parkville, Australia, which included all
patients who received a renal transplant between 1 January 2006
and 31 December 2012. We obtained information regarding patient
demographics, aetiology of ESKD, dialysis details, transplantation
details (including date of engraftment, graft number, mode, immu-
nosuppressive therapy), comorbidities (including parathyroidec-
tomy pre-transplant), and patient outcomes such as graft loss,
post-transplant parathyroidectomy and mortality from our com-
puterized nephrology database developed in-house (Nephworks 6).
Nephworks contains prospectively documented patient history,
medications, comorbid events and outcomes for all dialysis and
transplant patients at RMH. Blood results related to biochemical
profile, namely serum levels of 25-hydroxy vitamin D (25(OH)D),
calcium, phosphate, PTH, alkaline phosphatase (ALP) and
creatinine, were also obtained. Patients administered cinacalcet
therapy at the time of transplantation were identified and classified
as cinacalcet-treated patients (C+) whereas patients not adminis-
tered cinacalcet were designated cinacalcet non-treated (C-).
Cinacalcet doses were retrieved and included in the analysis.
Patients who received cinacalcet after renal transplantation
were excluded from analysis and patients without at least 12
month follow-up data were also excluded (those who moved
interstate).
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Biochemical parameters

Laboratory data relating to serum PTH, calcium, phosphate, ALP and
creatinine included pre-transplant levels and levels at 3, 6, 9 and 12
months post-transplantation as well as yearly thereafter to 5 years
post-transplant. Serum 25(OH)D levels were available for patients at
12 months post-transplantation, but unfortunately not at the time of
transplantation on all patients. All biochemistry was performed at
Melbourne Health Pathology at RMH. Serum concentrations of
intact PTH were determined using a solid-phase,
chemiluminescent enzyme-labelled immunometric assay on the
IMMULITE® 2000 Analyzer (Siemens Healthcare Global, Erlangen,
Germany). All other biochemical markers were measured using
standard assays and analyses were performed according to the man-
ufacturer’s instructions. The estimated glomerular filtration rate
(eGFR) was calculated according to the Modification of Diet in Renal
Disease formula.?! Hypercalcaemia was defined as serum calcium
level >2.60 mmol/L and hyperparathyroidism a PTH level greater
than the upper range of normal for the assay (>7.0 pmol/L).

two-site

Statistical methods

Results are presented as mean (tstandard deviation) for normally
distributed continuous variables and as median (interquartile range)
for continuous variables with
Kolmogorov-Smirnov test was performed to determine the distribu-
tion of variables. For differences between groups, Student’s ¢-test or
the Mann-Whitney U-test was used. For differences between
periods, the paired Student’s t-test or Wilcoxon’s test for paired

skewed distributions. The

values was used. Given differences in demographic characteristics
and baseline biochemical data between C— and C+ groups (Table 2),
we performed analysis of a matched cohort of C— recipients (match-
ing 2:1 with the C+ cohort) primarily to adjust for the differences in

age, duration of dialysis and severity of SHPT at time of transplan-
tation. Similar statistically analyses were performed to assess for
biochemical changes post-transplantation as well as other clinical
outcomes. For associations among variables, linear regression was
used, considering variables with a P-value <0.05 in the univariate
analysis. A P-value <0.05 was considered statistically significant.
Stata statistical software package (version 11.0, Stata Corporation,
College Station, TX, USA) was used for analysis.

RESULTS

Study population and baseline results

A total of 543 renal transplants were performed over the 7
year period. Eleven patients were excluded from analysis;
two received cinacalcet following transplantation; and nine
were enrolled in a randomized controlled clinical trial com-
paring cinacalcet and placebo in transplant recipients.?
Demographic and baseline characteristics of our study popu-
lation (7 = 532) are shown in Table 2. Mean age of patients at
the time of transplant was 48.0 £ 12.7 years and 64.3% were
men. Glomerulonephritis was the predominant cause of
ESKD in the cohort (29.5%) and 82.2% were undertaking
dialysis at the time of transplantation (compared with 17.8%
of transplants, which were pre-emptive).

Seventy-two patients, 13.5% of the total cohort (January
2006-December 2012) were taking cinacalcet at the time of
transplantation. When considering only the time period after
November 2007 when cinacalcet was approved for use in
Australia, these 72 patients accounted for 16.8% of the
cohort. The median daily dose of cinacalcet in C+ patients at

Table 2 Patient characteristics of all transplant recipients and divided according to those who were either not taking cinacalcet (C—) or administered cinacalcet

(C+) at the time of transplantation

Characteristics All (n =532) C— (n = 460) C+(n=72) P-value
Age at transplantation (years) 48.0+12.7 47.6+£12.7 50.2+12.4 0.01
Gender (%M) 64.3 65.9 54.2 0.05
Cause of ESKD NS

DM 8.0 7.8 8.7

GN 29.5 30.1 28.2

HT 3.8 3.7 43

PCKD 15.9 15.3 20.3

Reflux 16.5 16.3 17.4

Other 26.3 26.8 211
Dialysis modality (HD/PD/pre-emptive, %) 53.8/28.4/17.8 50.1/30.3/19.6 71.5/121.117.4 0.03
Duration on dialysis (years) 3.41+£253 3.53+258 2.59+£2.08 0.009
DM (%) 24.6 23.8 29.6 NS
IHD (%) 10.6 9.4 13.9 NS
HT (%) 71.9 71.2 76.1 NS
Parathyroidectomy (%) 13.9 14.3 1.1 NS
Donor age (years) 52.8+13.4 53.2+128 50.3+16.5 0.05
Living (%) 49.4 54.1 19.4 <0.001
First graft (%) 83.2 83.2 83.3 NS
Duration of transplant (months) 450+22.9 46.9 £23.1 323+17.0 <0.001

DM, diabetes mellitus; ESKD, end-stage kidney disease; GN, glomerulonephritis; HD, haemodialysis; HT, hypertension; IHD, ischaemic heart disease; PCKD,

polycystic kidney disease; PD, peritoneal dialysis.
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Table 3 Biochemical parameters of mineral metabolism at time of transplantation and post-transplant in recipients who were either not taking cinacalcet (C—) or

previously administered cinacalcet until the time of transplantation (C+)

Time post Ca (mmol/l) P-value Phos (mmol/L) P-value PTH (pmolL) P-value
C- C+ C- C+ C- C+
Pre-transplant 2.31+£0.23 2.22+0.20 0.001 1.73£0.59 1.64+£0.53 0.21 28.3(13.9-49.7) 50.7(25.4-75.2) <0.001
3 months 2.43+0.17 2511017 <0.001 0.95+0.29 0.92+0.29 0.50 8.8 (5.0-14) 13.2 (8.6-24.6) <0.001
6 months 2.44+0.16 2.54+0.17 <0.001 1.02+0.51 0.93+0.28 0.19 7.4 (4.8-11.7) 12.0 (7.5-20.1) <0.001
9 months 244 +£0.17 253+0.15 <0.001 1.03£0.35 0.97+£0.32 0.20 7.9 (4.6-10.8) 13.1 (7.8-21.6) <0.001
12 months (n = 532) 2.43+0.17 2.50+0.19 0.001 1.02+£0.28 0.95+0.41 0.07 7.2 (4.6-11.2) 11.7 (6.9-21.2) 0.005
2 years (n = 398) 243+0.18 250+0.18 0.007 1.06 £0.32 0.94+£0.28 0.02 8 (5.4-14.3) 10.7 (6.4-22.1) 0.43
3 years (n =296) 242 +£0.21 253+0.17 0.006 1.07£0.35 0.97£0.26 0.15 6.9 (4.4-12.7) 14.4(11.3-28.7) 0.11
4 years (n = 155) 2.44+£0.18 2.52+018 0.09 1.11£0.35 1.16 £0.54 0.59 8.2 (5.5-13.6) 16.7 (8.4-52.3) 0.16
5 years (n =98) 235+0.23 2.50+£0.20 0.16 1.26 £0.56 1.21+0.41 0.23 10.5 (6.0-15.9) 21.4(10.2-50.1) 0.21

Serum calcium and phosphate levels are shown as mean + SD, and PTH levels are median (IQR). Ca, calcium; Phos, phosphate; PTH, parathyroid hormone.

time of transplantation was 60 mg (range 30-180 mg). C+
patients were older than C- patients (50.2+12.4 wvs
47.6 £ 12.7 years. P=0.01).

The median PTH levels at the time of transplantation were
higher in C+ vs C— patients (50.7(25.4-75.2) vs 28.3(13.9—
49.7) pmol/L, P < 0.001). Mean serum calcium levels were
statistically lower in C+ versus C— (2.22£0.20 vs 2.31 %
0.23 mmol/L, P=0.001) although phosphate levels were not
significantly different between groups at the time of trans-
plantation. Mean ALP levels were greater in C+ versus
C— patients pre-transplantation (164.5%128.3 vs 95.0+
48.51U, P<0.001).

Post-transplant biochemical parameters

Twelve months post-transplant median PTH was significantly
higher in those administered cinacalcet prior to transplant
(11.7(6.9-21.2) vs 7.2(4.6-11.2) pmol/L, P < 0.001) indicat-
ing persisting hyperparathyroidism, but showing marked
improvement in both groups (Table 3). Mean serum calcium
was also significantly higher in C+ patients at 12 months
(2.50+0.19 vs 2.43+£0.17 mmol/L, P<0.001). Mean ALP
levels were not different between groups (103.6 £43.9 vs
97.0+41.6 IU, P=0.23). Serum 25(OH)D levels at 12
months following transplantation did not differ between
groups (57.8 £26.0 vs 51.9 £ 24.7 for C— vs C+, respectively,
P=0.10).

The proportion of all patients at 12 months post-transplant
with hypercalcaemia was 17.1%, with a greater proportion
in the C+ group compared with C- (25.0% vs 16.2%,
P =0.06) (Table 4). Only 31 patients had severe hypercalcae-
mia (serum calcium >2.80 mmol/L) at 12 months with no
difference between groups (P = 0.23). Of all recipients at 12
months, 60.7% had high PTH levels (>7.0 pmol/L), with a
significant difference between C+ and C- (76.4% vs 58.3%,
P=0.003). Differences in biochemical markers persisted
post-transplant between groups, with higher post-transplant
serum calcium levels in C+ patients compared with C—
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Table 4 Proportion of patients (%) with abnormal biochemical parameters
following transplantation (6 months, 12 months and 2 years)

Biochemical parameter All C- C+ P-value
PTH (>7.0 pmoliL)
6 months 69.0 66.5 84.7 0.002
12 months 60.7 58.3 76.4 0.003
2 years 86.3 85.7 90.3 0.29
Calcium (>2.60 mmol/L)
6 months 17.7 14.6 37.5 <0.001
12 months 171 16.1 25.0 0.06
2 years 36.5 34.6 48.6 0.02
Phosphate (<0.80 mmol/L)
6 months 20.5 19.3 27.8 0.10
12 months 19.5 17.6 32.0 0.004
2 years 10.2 9.1 16.7 0.05

PTH, parathyroid hormone.

present to 4 vyears following the transplant and PTH
levels significantly higher in C+ versus C— until 2 years
post-transplant.

In relation to number of previous allografts, most trans-
plant recipients in this study were first graft recipients
(83.2%) and the proportion of these patients with high PTH
and high calcium at 12 months post-transplant was 60.0%
and 17.2%, respectively. For recipients with a second and
third graft, 63.2% and 63.6% had high PTH and 18.4% and
10% had high calcium levels at 12 months following trans-
plantation, respectively (not statistically different to those
with a first graft).

Multivariate regression analyses with serum PTH at 12
months as the dependent variable showed independent asso-
ciations with PTH level at the time of transplantation, renal
function at 12 months post-transplant, and cinacalcet use
pre-transplant. Serum calcium at 12 months post-transplant
was independently associated with age, pre-transplant
calcium, PTH and ALP levels, renal function 12 months post-
transplant, and cinacalcet use at the time of transplantation.
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Cinacalcet dose

Most patients (n =52, 72.2%) were administered a dose of
60 mg or less prior to transplantation. Comparing the higher
versus lower cinacalcet doses (260 mg vs <60 mg daily) the
mean PTH levels were 16.4+16.1 vs 16.0 = 11.4 pmol/L
(P=0.92) and mean calcium levels were 2.57 £ 0.17 versus
2.47 £0.20 mmol/L (P =0.06), respectively. Thus, for those
taking more than 60 mg daily there were no statistically
significant differences in serum PTH or calcium levels at 12
months compared with those prescribed lower doses.

Other clinical outcomes

At a median of 42.9 months follow up there were 10 deaths
(1.9%), 56 recipients with failed grafts (10.6%) and 5
parathyroidectomies performed in recipients post-transplant
(0.8%) (Table 5). There were no differences in any of these
clinical outcomes between the C+ and C— groups, although
the numbers of deaths and parathyroidectomies following
transplantation were low.

There was no difference in renal function between the two
groups, at any stage out to 5 years post-transplant, and no
difference in graft failure rates in those who had received
cinacalcet compared with the C— group (Table 6).

Matched cohort

As there were significant differences in the severity of SHPT
between groups at the time of transplantation (and differ-
ences in some demographic parameters including age and

Table 5 Outcomes of transplant recipients who were either not taking
cinacalcet (C—) or previously administered cinacalcet until the time of trans-
plantation (C+)

Outcomes All C- C+ P-value
Graft failure (%) 10.6 10.9 83 0.51
Post-transplant DM (%) 12.7 12.4 145 0.66
Post-transplant parathyroidectomy (%) 0.8 0.7 1.4 0.50
Mortality (%) 1.9 2.0 1.4 0.74

DM, diabetes mellitus.

Table 6 Renal function (measured by MDRD eGFR) at time of transplantation
and post-transplant in recipients who were either not taking cinacalcet (C-) or
previously administered cinacalcet until the time of transplantation (C+)

eGFR (mL/min/1.73 m? Cc- C+ P-value
Pre-transplant 7.7%5.0 65+28 0.1

1 year 50.7+18.7 54.4 1+ 241 0.14
2 years 50.9 £ 241 53.2+211 0.56
3 years 50.5+22.2 48.8+22.7 0.78
5 years 41.8+22.2 473+18.8 0.73

eGFR, estimated glomerular filtration rate; MDRD, Modification of Diet in Renal
Disease.
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duration of dialysis), we matched 144 C- recipients for age
and biochemical markers at the time of transplantation
(serum calcium and PTH) with the 72 C+ transplant recipi-
ents (matching 2:1) for assessment of outcomes (Table 7).
We found similar findings as with the total transplant cohort
in that post-transplant serum calcium levels were signifi-
cantly higher up to 4 years and PTH levels were higher to 12
months following transplantation in those who had previ-
ously been administered cinacalcet (Table 8). Similar to the
total cohort, there was no difference in serum phosphate
levels following transplantation between the matched C-
cohort and the C+ group. Estimated GFR was also similar in
matchd C- recipients compared with C+, with mean eGFR
of 52.8+21.6 versus 54.4%24.1 mL/min/1.73 m? at 12
months and 50.9  25.6 versus 48.8 £ 22.7 mL/min/1.73 m?
at 3 years post-transplant for C— and C+ groups, respectively.
Clinical outcomes were also similar with no difference
between matched C— and C+ in rates of graft failure (9.2% vs
8.3%), post-transplant diabetes (15.1% vs 14.5%), post-
transplant parathyroidectomy (1.0% vs 1.4%) and overall
mortality (1.4% vs 1.4%).

DISCUSSION

In this single-centre retrospective study, which has larger
patient numbers and longer duration of follow up than
previous reported studies,””' we compared the post-
transplantation mineral profiles of renal transplant recipients
treated with cinacalcet to those who were cinacalcet-naive.
We report differences between the two groups, mainly of
higher post-transplant serum PTH and calcium in those
administered cinacalcet until time of transplantation, up to
12 months and 4 years post-transplantion, respectively.
Traditional treatment for SHPT consists of dietary phos-
phate restriction, vitamin D analogues, and phosphate
binding agents. The international Kidney Disease: Improving
Global Outcomes CKD-MBD guidelines recommend par-
athyroidectomy in patients with severe SHPT associated with
hypercalcaemia and/or hyperphosphataemia that is refrac-
tory to medical therapy.?’ Calcimimetics are relatively new

Table 7 Patient characteristics of the matched cohort of transplant recipients
(n = 216), divided according to those who were either not taking cinacalcet
(C—) or administered cinacalcet (C+) at the time of transplantation

Characteristics C—(n=144) C+(n=72 P-value

Age at transplantation (years) 493 +£13.1 50.2+12.4 0.52
Gender (M) 60.7 54.2 0.36

Dialysis versus pre-emptive (%) 90.1/9.9 92.6/7.4 0.55
Duration on dialysis (years) 3.51+£2.69 2.59+£2.08 0.64
DM (%) 31.6 29.6 0.76
Donor age (years) 53.1+£13.0 50.3+£16.5 0.21
Duration of transplant (months) 32.6+12.1 323+17.0 0.54

DM, diabetes melltus.
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Table 8 Biochemical parameters of mineral metabolism at time of transplantation and post-transplant in matched transplant recipients (n = 216) who were either
not taking cinacalcet (C—, n = 144) or previously administered cinacalcet until the time of transplantation (C+, n = 72)

Time post Ca (mmol/l) P-value PTH (pmoliL) P-value
C- C+ C- C+
Pre-transplant 2.24+£0.21 2.22+0.20 0.32 40.9 (20.8-63.6) 50.7 (25.4-75.2) 0.29
3 months 2.41+£0.19 251+£0.17 <0.001 10.6 (5.2-15.4) 13.2 (8.6-24.6) 0.001
6 months 2.44+0.16 254+0.17 <0.001 7.8 (5.2-14.1) 12.0 (7.5-20.1) <0.001
9 months 246+0.16 253+£0.15 0.005 8.0 (4.2-11.0) 13.1 (7.8-21.6) <0.001
12 months (n = 532) 243+0.18 2.50+0.19 0.01 7.3 (4.5-12.3) 11.7 (6.9-21.2) <0.001
2 years (n = 398) 2.42+0.15 250+£0.18 0.002 7.7 (5.0-14.5) 10.7 (6.4-22.1) 0.37
3 years (n =296) 2.42+0.21 253+£0.17 0.009 7.3 (4.4-12.7) 14.4 (11.3-28.7) 0.43
4 years (n = 155) 243+0.18 2.52+018 0.13 8.1 (4.4-17.4) 16.7 (8.4-52.3) 0.08

Serum calcium levels are shown as mean + standard deviation, and PTH levels are median (interquartile range). Ca, calcium; PTH, parathyroid hormone.

therapeutic agents introduced for the treatment of SHPT over
the last decade. Calcimimetics act by allosteric modification
of CaSR on the parathyroid gland, increasing its sensitivity to
extracellular levels by decreasing PTH gene expression**?°
Cinacalcet hydrochloride remains the first and only commer-
cially available calcimimetic approved for clinical use to date.
Over the last decade a number of studies have demonstrated
efficacy in lowering serum levels of PTH, calcium and phos-
phate with benefits including reducing the risk of parathy-
roidectomy, fracture, cardiovascular hospitalization, and
cardiovascular death in patients over 65 years in patients on
dialysis with SHPT.!!-1#26

Persistent hyperparathyroidism is common post renal
transplantation. High PTH levels, hypercalcaemia and dura-
tion on dialysis at the time of transplantation are risk factors
for persistent SHPT, especially in transplant recipients with
subsequent suboptimal renal function.* High PTH is noted in
17-60% of patients at 12 months following transplanta-
tion,** and is a major determinant of post-transplant hyper-
calcaemia?” which occurs in 11-66% with casemix and
differences in diagnostic criteria accounting for the wide
variation.'”*-3% Post-transplant hyperparathyroidism can
result in complications of worse graft outcome,®” soft tissue
and vascular calcification®? and increased incidence of frac-
ture.’® In our cohort, ~60% of transplant recipients had
high PTH and ~17% had hypercalcaemia at 12 months
post-transplant.

Cinacalcet is efficacious in treating SHPT not responding to
standard therapy in patients on dialysis and has resulted in a
decline in rates of parathyroidectomy. Parathyroidectomy is
an operation with appreciable mortality and morbidity
in this cohort, and not analogous to single gland
parathrydroidectomy in patients with primary hyperpar-
athyroidism. A recent paper by Ishani efal. describes the
problems associated with parathyroidectomy in the setting of
haemodialysis demonstrating the significant healthcare costs
and burden of this procedure in a US ESKD cohort.’! There
is evidence however that cinacalcet is ineffective in promot-

© 2015 Asian Pacific Society of Nephrology

ing the regression of parathyroid hyperplasia particularly
where the gland volume is greater than 500 mm? although
this is controversial.’**?

Cinacalcet is not currently approved for use in transplant
recipients and so is often discontinued at the time of trans-
plantation or very shortly thereafter. Our retrospective
cohort study determined the impact of discontination of this
calcimimetic at the time of transplantation on the biochemi-
cal profile and other clinical outcomes of patients after trans-
plantation and reports higher serum PTH and serum calcium
levels, in the first 12 months and 4 years post-transplant,
respectively, in patients presecribed cinacalcet prior to trans-
plantation compared with the cinacalcet-naive cohort.
Ongoing SHPT post-transplant leads to persisting abnormal-
ities in metabolic bone parameters but by 5 years the differ-
ence is small. Our results, in larger numbers than previous
studies,’> ! show that biochemical profiles after transplanta-
tion are relatively slow to correct although a trend in the
right direction. Neverthless, use of cinacalcet prior to trans-
plantation, and lower parathryoidectomy rates, does not
seem to have any significant impact on clinical outcomes in
this study.

There is limited data available regarding the effect of per-
sistent SHPT and hypercalcaemia on long-term renal graft
and patient outcomes. It has been reported that hyperpar-
athyroidism particularly in combination with hypercalcae-
mia is associated with increased fracture risk'® and
progression of coronary artery calcification.® One study by
Evenepeol ef al. looking at protocol allograft biopsies demon-
strated calcium and phosphate deposition was highly preva-
lent in the early post-transplant period and was related to the
severity of disturbance in mineral metabolism.** Despite the
high prevalence of calcium phosphate deposition, the clinical
significance was unclear as no difference in renal function
was evident at 36 months between recipients with deposition
and those without. In another study from the same group, a
higher incidence of nephrocalcinosis was demonstrated in
recipients who had been treated with cinacalcet prior to
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transplantation compared with cinacalcet-naive patients,
over a median follow up of 35 months, although there was
no difference in renal allograft function between groups.'”
Our study supports these findings with no difference in eGFR
at a median of 43 months post-transplant between groups
despite higher PTH and calcium levels in those prescribed
cinacalcet prior to transplantation.

There are several studies evaluating biochemical and clini-
cal consequences of discontinuing cinacalcet at the time of
transplantation (summarized in Table 1)."”"” Discontinuing
cinacalcet may potentially result in a rebound of PTH levels
in the early post-transplant period in renal transplant recipi-
ents. Similar to our study findings, two prospective studies
reported higher PTH and calcium levels post-transplant con-
sistent with persistent hyperparathyroidism.'”'* One of these
looked at differences in the dose of cinacalcet while on dialy-
sis and reported that ongoing or rebound hyperparathy-
roidism was only relevant for those receiving 60 mg daily
or more.” Evenepoel efal. also showed a significantly
higher parathyroidectomy rate in cinacalcet-treated
patients, particularly with increasing doses, whereas graft
nephrocalcinosis, although higher in cinacalcet-treated
patients, did not reach statistical significance.'” Barros et al.,
in a recently published prospective study, also reported
higher PTH and calcium levels at 6 months post-
transplantation, with 75% of patients taking a median daily
dose of 30 mg of cinacalcet pre-transplant.'” This study also
evaluated the impact of the phosphatonin fibroblast growth
factor-23 (FGF23) post-transplant, reporting higher levels in
those administered cinacalcet prior to transplantation
(although not statistically significantly different compared
with cinacalcet-naive patients). We found no difference in
post-transplant PTH or calcium levels in recipients on higher
doses of cinacalcet (>60 mg daily) compared with lower
(€60 mg daily), although the percentage of patients on
higher doses was small making it difficult to draw conclu-
sions from our data regarding the impact of cinacalcet dose.

Although cinacalcet is not currently approved for use post-
transplantation there have been a number of studies of renal
transplant recipients evaluating the impact of administration
of this medication in this population. A recent meta-analysis
including 21 studies, 15 prospective and six retrospective
predominantly small observational studies with no
randomized controlled trials, concluded that cinacalcet was a
safe and effective treatment for post-transplant hyperpar-
athyroidism and suggested a role for cinacalcet as an alter-
native to parathyroidectomy.?> One large retrospective study
reported sustained control of serum PTH, calcium and phos-
phate levels over three years in renal transplant recipients
administered cinacalcet for persistent SHPT.>® A more recent
randomized placebo-controlled trial reported a benefit of
cinacalcet in transplantation to improve post-transplant
hypercalcaemia, with a 75.4 (63.8-87.1)% difference in
achieving a serum calcium less than 2.55 mmol/L compared
with placebo.*? It is interesting to note that despite the effec-
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tiveness in reducing PTH levels and hypercalcaemia in this
study, there was no difference in renal function between the
cinacalcet and placebo arms.

Like previous retrospective studies we observed higher
post-transplantation serum calcium and PTH levels along
with a higher proportion of hypercalcaemia in patients
receiving cinacalcet before transplantation compared with
patients not on cinacalcet. Rebound or persisting hyperpar-
athyroidism and hypercalcaemia may be a significant clinical
problem as it may result in bone loss and may impair graft
function either acutely, by inducing vasoconstriction, or
chronically, by mediating calcification of the tubu-
(nephrocalcinosis).®>738
related to post-transplant hypercalcaemia are likely PTH-
mediated bone resorption and recovery of calcitriol levels.
Recent clinical data also support the theory that increased
PTH-mediated calcium release from the skeleton is the major
pathophysiological mechanism underlying post-transplant
hypercalcaemia, rather than an increased renal tubular
calcium reabsorption.?® Although analysis of our data sug-
gested no association between cincacalcet-treated patients
and mortality or the need for parathyroidectomy post-
transplant, the numbers of these events were too low to
determine a clinically significant difference. There was also
no association with allograft loss between groups, although
other studies have suggested that hypercalcaemia may
potentially be related to increased nephrocalcinosis and
poorer graft outcomes. One previous study reported a ten-
dency for higher eGFR in cinacalcet-treated patients;'®
however, in our cohort, there was no significant difference in
renal function between groups at any stage up to 5 years
post-transplant.

Recent literature has suggested that the use of cinacalcet at
the time of transplantation may exacerbate kidney injury
and contribute to delayed graft function following transplan-
tation.?° One recent retrospective study reported on 36 trans-
plant recipients who were administered cinacalcet at the
time of transplantation and, after matching with 61 recipi-
ents not on cinacalcet, found an association between
cinacalcet use and delayed graft function (42% vs 23% for
cinacalcet group vs controls, respectively). Unfortunately we
did not have information on delayed graft function in our
transplant cohort to assess for this association.

lointerstitium The main factors

There are several limitations of our study including the
retrospective nature. We have included all renal transplant
patients over the study period (who had not been adminis-
tered cinacalcet post-transplant); however, this cohort is
likely representative of the transplant population at our
centre without selection bias. Our study is also the largest
reported of renal transplant recipients to date assessing the
impact of cessation of cinacalcet at the time of transplanta-
tion. Indication bias is a potential limitation given the retro-
spective nature of this study as patients administered
cinacalcet likely had more severe SHPT, compared with
cinacalcet-naive patients, which justified cinacalcet initiation
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during dialysis to avoid severe complications of SHPT. We
could not establish the duration of cinacalcet use in the
cinacalcet-treated patients from our records and therefore
the duration and degree of SHPT before transplantation.
However, we performed analysis of a matched cohort of
transplant recipients who had not been administered
cinacalcet prior to transplantation, matching 2:1 with the
cinacalcet recipients for age, duration of dialysis and degree
of SHPT (serum calcium and PTH) at the time of transplan-
tation. This analysis revealed similar findings to comparison
between cinacalcet patients and cinacalcet-naive patients in
the total study group. Other limitations of our study include
the lack of 25(OH)D levels at the time of transplantation, and
no FGF23 and calcitriol levels at any time point, as well as no
available data on fractures, bone mineral density, indications
for parathyroidectomy, nor medications that may have
influenced bone and mineral metabolism including
bisphosphonates, phosphate binders and vitamin D ana-
logues or vitamin D supplements.

In summary, biochemical profiles are suggestive of persist-
ing hyperparathyroidism upon cessation of cinacalcet in
patients at the time of transplantation and reinforce the need
for ongoing monitoring and management of this patient sub-
group. However, no significant adverse clinical outcome was
noted in our cohort with the use of cinacalcet prior to trans-
plantation and this strategy likely avoids a significant
number of parathyroidectomy operations and consequent
morbidity and mortality associated with this procedure.
There is conflicting evidence regarding the dose-response
relationship between pre-transplant cinacalcet use and SHPT
on its withdrawal, which needs to be investigated and might
provide a guide to risk stratification of these patients. These
findings provide impetus to the need for not only larger
interventional studies in this cohort but also further explor-
ing the role of calcimimetics in transplant recipients.
More studies involving continuation of cinacalcet post-
transplantation are required to determine the optimal treat-
ment of SHPT in patients listed for transplantation.
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Abstract

Plasma aluminum (Al) is routinely tested in many dialysis patients. Aluminum exposure may lead to
acute toxicity and levels in excess of ~2.2 umol/L (60 ug/L) should be avoided. Historically, toxicity
has been caused by excessive dialyzate Al but modern reverse osmosis (RO) water should be Al
free. Nevertheless, many units continue to perform routine Al levels on dialysis patients. This
single-center study retrospectively analyzed Al levels in plasma, raw water feed, and RO product
between 2010 and 2013 using our database (Nephworks 6) with the aim of determining the utility
of these measurements. Two thousand fifty-eight plasma Al tests in 755 patients (61.9% male, mean
age 64.7 years) were reviewed showing mean £ SD of 0.41 + 0.30 umol/L. One hundred eleven
(5.4%) tests from 61 patients had Al levels >0.74 umol/L and 45 (73.8%) of these patients were or
had been prescribed Al hydroxide (Al(OH)s) as a phosphate binder. Seven patients had Al concen-
trations >2.2 umol/L with no source of Al identified in 1 patient. One hundred sixty-six patients
taking AI(OH); (78.7% of all patients on AI(OH);) had levels <0.74 umol/L, the odds ratio of plasma
Al > 0.74 umol/L on AI(OH); was 9. The cost of plasma Al assay is $A30.60; thus, costs were
$A62,974.80 over the study period. Despite RO feed water Al levels as high as 48 umol/L, Al output
from the RO was almost always undetectable (<0.1 umol/L) with dialyzate Al levels > 2.2 umol/L
only 3 times since 2010, and never in the last 3 years. Routine unselected testing of plasma Al
appears unnecessary and expensive and more selective testing in dialysis patients should be
considered.

Key words: Aluminum, chronic kidney disease, contamination, dialysis, hemodialysis, phosphate
binders

INTRODUCTION

Aluminum (Al is cleared from the blood exclusively by
glomerular filtration. Thus, patients with renal failure
accumulate Al and are the only routine patient group
likely to be at risk of Al toxicity. Al overload results in
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accumulation principally in the skeleton and the brain
and manifests with osteomalacia (resistant to vitamin D
therapy), bone and muscle pain, iron-resistant microcytic
anemia, and neurologic abnormalities including speech
disorders, encephalopathy and dementia.’

Acute Al toxicity is rare, and mostly related to Al phos-
phide (AIP), which is used as a pesticide. Exposure to
water or ingestion of AIP causes the release of the highly
toxic phosphine (PH3) leading to rapid free radical injury,
circulatory collapse, and death.” The Al per se only seems
to be an issue if given concurrently with sodium citrate
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which dramatically increases Al uptake, and in dialysis
patients this leads to very high plasma levels ~2000 pg/L
(=75 umol/L) which can result in potentially fatal neuro-
logical toxicity.®

Most of the early occurrence of chronic Al toxicity was
reported between 1965 and mid-1980s and primarily
caused by excessive Al in dialyzate water in patients
undergoing chronic hemodialysis (HD) therapy,” but it has
also been reported after contaminated peritoneal dialysis
(PD) fluid.” In the early days of dialysis, the preparation of
dialyzate water was unsophisticated and subject to con-
tamination from a number of sources, including the addi-
tion of Al as a flocculant to remove colloidal matter.
Moreover, water purification often involved using stain-
less steel boilers, sometimes fitted with Al-based cathodic
corrosion protection systems, leading to high Al levels in
the dialyzate. Modern water preparation using reverse
osmosis (RO) membrane systems, reduction in the use of
Al-based phosphate binders, and the avoidance of calcium
citrate means that acute or chronic Al toxicity is rarely (if
ever) encountered in modern practice.® Al-based phos-
phate binders are now infrequently prescribed across the
world, but apparently more in Australia/New Zealand.’
Thus, Al-based binders® and Al-containing antacids now
represent the major source of Al exposure in patients with
end-stage kidney disease (ESKD). Aluminum can also be a
contaminant present in oral and injectable medications as
part of the manufacturing process,”® in particular albumin
products. Albumin binds Al during the purification
process when passed through Al silicate filters, and thus
long-term use of i.v./blood products is another potential
source of excess AL.° There have also been reports of sepsis
causing release of Al from tissue stores.™

The National Kidney Foundation’s Kidney Disease Out-
comes Quality Initiative (KDOQI) guidelines for the care
of patients with ESKD recommended screening for Al
toxicity with Al concentrations at least yearly, and quar-
terly in those receiving Al-containing medications;
however, these were outlined in the guidelines as opinion-
based recommendations."" The more recent international
Kidney Disease: Improving Global Outcomes (KDIGO)
Chronic Kidney Disease—Mineral and Bone Disorder
(CKD-MBD) guidelines recommend avoiding long-term
use of Al-containing phosphate binders and, in patients
with ESKD on dialysis, dialyzate Al decontamination to
prevent Al intoxication.'? However, there are no KDIGO
recommendations regarding measurement of plasma Al
levels. There appears to be a low incidence of high Al
levels among current dialysis patients'” with no reported
outbreaks of Al toxicity in recent literature except spo-
radic clusters of cases of elevated Al levels."
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There have only been a few retrospective studies pub-
lished evaluating the frequency of abnormal plasma Al
levels, the predictive value of Al testing, cut-off levels for
toxicity, and the utility of routine screening in an era of
Al-free dialyzate water and decreased Al-based binder
administration.”™'" Some investigators have advocated
reevaluating the safety of Al-based phosphate binders
given low demonstrated risk of toxicity and a cost benefit
over contemporary first-line phosphate binders although
prospective trials are lacking.®'®

In light of the reduction in exposure of dialysis patients
to Al, an audit at our institution was undertaken to assess
the requirements for continued monitoring of patients
and the water quality of dialyzate. We report a single-
center study assessing the frequency of abnormal Al levels
in a cohort of dialysis patients over a period of 4 years
with the aim of evaluating the clinical benefit of routine Al
measurement.

METHODS

We performed a retrospective cohort study of dialysis
patients at The Royal Melbourne Hospital (RMH), Park-
ville, Australia. All dialysis patients undergo routine annual
surveillance of plasma Al concentrations at RMH, with
biannual measurements for patients prescribed Al-based
phosphate binders. We retrospectively retrieved all plasma
Al levels tested for the dialysis population from January
2010 to December 2013 using our computerized nephrol-
ogy database (Nephworks 6), as well as RO and water feed
Al levels on all HD patients. Nephworks contains pro-
spectively documented patient history, medications,
comorbid events, and outcomes for all dialysis patients at
RMH. Medical records of patients with abnormal plasma
Al levels were reviewed to determine Al exposure.

Laboratory methods

Five milliliters of blood was collected into K,-EDTA anti-
coagulated BD Vacutainer® (Becton, Dickinson and
Company, Franklin Lakes, New Jersey, USA) Blood Col-
lection Tubes for Trace Element Testing. This avoids sig-
nificant contamination (20-60 ug/L) by the rubber
stoppers made from Al silicate that are commonly used in
standard evacuated blood tubes." The sampling needle is
not usually a problem for Al

Plasma Al levels were measured using dual beam graph-
ite furnace atomic absorption spectrophotometry with an
AAnalyst 800 spectrophotometer (Perkin  Elmer,
Waltham, MA, USA) throughout the study period. The lab
cut-off value for plasma Al was <0.8 umol/L with a local
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range between 1.5 and 2.0 umol/L for patients with ESKD
on Al-based binders. There is no well-defined threshold
level of plasma Al concentration indicating toxicity in
dialysis patients.”® Previous studies have used different
cut-off levels including 0.74 umol/L (20 pg/L),
1.48 umol/L (40 pug/L), 2.22 umol/L (60 ug/L), and
3.0 umol/L based on varying evidence and local lab
parameters.'>*¥ KDOQI guidelines recommend Al levels
to be tested quarterly and be less than 0.74 umol/L with
the use of the deferoxamine (DFO) mobilization test*' for
elevated levels between 2.22 and 7.42 umol/L (60—
200 ug/L, respectively).' In our study, we used a cut-off
value of >0.74 umol/L to indicate abnormal levels and
>2.2 pmol/L to indicate risk of toxicity for analysis.

We routinely undertake trace element analysis in dia-
lyzate water collected from various sites across multiple
dialysis centers. Mains water and RO output is regularly
tested for Al by our service.” There are suggested limits of
<100 ug/L (3.71 umol/L) for large processing plants and
<200 ug/L (7.42 umol/L) for smaller plants serving
10,000 people or less.”> We reference American National
Standard ANSI/AAMI RD62:2006, which indicates
maximum allowable concentration of Al in “water used to
prepare dialyzate” as <10 ug/L (<0.37 umol) for our dialy-
sis network. We also reviewed Al levels in the dialyzate
water source over this period as there are guidelines for
drinking water Al content suggested by the World Health
Organization (WHO).

Statistics

This is predominantly a descriptive study. Descriptive sta-
tistics are presented as mean (* standard deviation) or
percentages. Data analyses were performed on individual
plasma Al concentrations and not based on the mean
plasma Al level per patient. Therefore, both the number of
Al determinations and the number of patients are given.
Mann—Whitney U-test was used to determine differences
between patients taking and not taking Al-based phos-
phate binders according to Al levels. Logistic regression
was used to compare differences in Al levels and Al
hydroxide (AI(OH)s) use over time. Stata statistical soft-
ware package (version 11.0, Stata Corporation, College
Station, TX, USA) was used for analysis.

RESULTS

We retrieved a total of 2058 plasma Al measurements for
755 patients over the 4-year period. The dialysis cohort
had a mean age of 64 years and 62% were male (Table 1).
The mean plasma Al level was 0.41 £ 0.30 umol/L
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Table 1 Patient characteristics for all dialysis patients

Characteristics N =755 (%)
Age (years) 632+ 149
Gender
Male 467 (61.9)
Female 288 (38.2)
Cause of ESKD
DM 197 (26.1)
GN 200 (26.5)
HT 59 (7.8)
PCKD 55 (7.3)
Reflux 39 (5.2)
Other (and unknown) 205 27.1)
Dialysis modality
HD 582 (77.0)
PD 119 (15.8)
HHD 54 (7.2)
Duration on dialysis (mo, median [IQR])* 32 (61.5-9.9)

“At the time of the last Al level.

DM = diabetes mellitus; GN = glomerulonephritis; HD = hemodi-
alysis; HHD = home hemodialysis; HT = hypertension;
PCKD = polycystic  kidney disease; PD = peritoneal dialysis;
Reflux = reflux nephropathy.

(11 £8.08 ug/L). A total of 211 of these patients were or
had been prescribed AI(OH)s as an oral phosphate binder.
Of 2058 measurements, 111 (5.4%) tests from 61 patients
had Al levels greater than 0.74 umol/L with 45 (73.8%)
being on AI(OH)s. These 61 patients included 47 on HD,
6 on PD, and 8 on home HD. Ten results (0.49%) were
equal to or greater than 2.2 umol/L in 7 patients out of
which 6 had been prescribed AI(OH)s, with no source of
Al identified in 1 patient who was undergoing dialysis at
home at the time and returned normal Al level on repeat
testing. There was no evidence of clinical toxicity due to
elevated Al levels on review of the available medical
records for these patients. One hundred sixty-six patients
taking AI(OH); (78.7% of all patients on AI(OH);) had
levels <0.74 umol/L. The odds ratio of plasma
Al > 0.74 pmol/L on AI(OH); was 9.

Al(OH)s as a potential source of abnormal levels was
identified in 45 of 61 patients (Table 2), although the
cumulative Al load in patients on AI(OH); could not be
calculated given inconsistent information available regard-
ing the dose of binders administered. In the remaining 16
patients, the abnormal results were presumed to be erro-
neous or a result of inadvertent exposure to Al through
equipment or medications based on the lack of repeated
elevated levels, levels in the nontoxic range (93.7%), and
a tendency to revert to normal on repeat testing. On
follow-up tests, the levels reverted to or trended toward
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Table 2 Number of patients with normal and abnormal plasma aluminum levels in relation to administration of

aluminum-based phosphate binders

Al level (umol/L) N =755
<0.74 694 (91.9%)
0.74-2.1 54 (7.2%)
>22 7 (0.9%)

No AlI(OH); Al(OH);
N =544 (%) N=211 (%) P value*
528 (97.1%) 166 (78.7%) <0.01
15 (2.8%) 39 (18.5%) <0.01
1(0.2%) 6 (2.8%) 0.01

Al = aluminum; AI(OH); = aluminum hydroxide.

*P value for significance between subjects taking vs. not taking AI(OH); for various Al concentrations.

normal in 47 of 61 patients (77%, including 12 patients
not on AI(OH);) with Al levels >0.74 pumol/L. Out of 7
patients with Al > 2.2 umol/L, only 1 patient had multiple
elevated levels, with maximum of 3.64 umol/L, which
reverted back to normal on cessation of AI(OH);. None of
the patients had Al level >7.4 umol/L.

Al levels measured in the dialyzate water precluded any
risk of exposure from that source. Despite RO feed water
Al levels as high as 48 pmol/L (1300 ng/mL), Al output
from the RO was almost always undetectable (<0.1 pmol/
L). We have detected dialyzate Al levels >2.2 umol/L only
3 times since January 2010, and never in the last 3 years.

The frequency of elevated plasma Al levels
(>0.74 umol/L) in patients on dialysis declined each year
from 8.72% in 2010 to 2.35% in 2013, perhaps related to
declining use of Al-based phosphate binders. Administra-
tion of AI(OH); in subjects in this study declined from
31.7% to 4.75% over the same period (Table 3). The cost
of single plasma Al assay is $A30.60 resulting in the total
cost over the study period of $A62,974.80, or amounting
to over $A1300 per month.

DISCUSSION

Al toxicity has been known to cause serious complications
although the incidence of cases in the current dialysis

population is very low given the elimination of Al from
dialyzate water and the decreased use of Al-based phos-
phate binders. As we have continued to routinely measure
plasma Al levels on all dialysis patients at our local center,
we performed a retrospective observational study to deter-
mine the frequency of abnormal Al concentrations and
assess for associations with any clinical history of toxicity,
use of Al-based binders, and cost of routine measure-
ments. We report a very low number of elevated Al levels
in 755 patients over a 4-year period.

Al is ubiquitous in nature with only a tiny fraction of
ingested Al absorbed and normally excreted by the
kidneys. Previously, when Al was added to the dialyzate
for patients undertaking HD, it would enter the body
directly leading to syndromes of toxicity. However, there
has been complete absence of reports of the “dialysis
dementia” syndromes formerly attributed to Al toxicity in
ESKD, and a substantial reduction in the prevalence of
Al-related bone disease, with improvements in the quality
of dialyzate water.

Plasma Al levels reflect relatively recent exposure to
AlL*** Monitoring Al levels might identify excessive Al
intake or absorption in individual patients, aid in the
recognition of accidental contamination of dialyzate with
Al, and screening may potentially allow earlier recognition
of Al loading with greater ability to prevent toxicity.

Table 3 Percentage of abnormal plasma aluminum levels with relationship to patients on aluminum hydroxide according to

each year

Patients on AI(OH)s, Plasma Al Al > 0.74 umol/L, Al> 2.2 pumol/L,
Year Patients, N N (%)* levels, N N (%)** N (%)
2010 451 143 (31.7) 562 49 (8.7) 5 (0.9)
2011 401 46 (11.5) 524 32 (6.1) 3(0.6)
2012 420 26 (6.2) 547 20 (3.7) 2(04)
2013 363 18 (4.9) 425 10 2.4) 0 (0.00)

Al = aluminum; AI(OH); = aluminum hydroxide.

*P value < 0.01 for relationship between AI(OH); administration over time, **P value < 0.01 for relationship between Al > 0.74 umol/L over

time.
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Plasma Al levels, however, are not reliable predictors of
chronic Al exposure and there is lack of consensus on
threshold cut-off values indicating toxic levels. Histori-
cally, routine measurements of plasma Al concentrations
have been recommended based on prevalent significant
risk of toxicity,"?® but later studies have questioned the
utility and cost-effectiveness of routine plasma Al mea-
surements in all dialysis patients.'>!**® Many dialysis
units, however, continue to measure Al levels routinely.

One study reported the incidence of abnormal Al levels
in dialysis patients to be as low as 2.1%"* while another
reported an incidence of 4.2%, although the cut-off value
of abnormal results in this study was 0.74 pmol/L com-
pared to 1.48 umol/L in the former.' The frequency of
abnormal results in our study was 5.4% and 0.49% for
results signifying risk of toxicity using the cut-offs of 0.74
and 2.2 umol/L, respectively. This is consistent with pre-
vious studies reflecting an extremely low incidence of
abnormal Al levels and greatly reduced risk of toxicity
compared to the era of significant Al exposure via dialyz-
ate water and regular use of Al-based phosphate binders.

One study from the United Kingdom argued that mea-
suring Al levels routinely in the current era was unneces-
sary, although the dialysis patients in that study were not
taking any Al-based phosphate binders and Al testing of
the dialysis water supply achieved an acceptable
minimum safety requirement.'” Another study reported
on the impact of double RO system and continued use of
Al phosphate binders in a cohort of dialysis patients
between 1998 and 2007.*" This study reported a reduc-
tion in serum Al levels in patients after the new RO with
no plasma Al level more than 40 pg/L (1.48 umol/L), even
with Al-based binders.

Plasma Al levels of >3.0 umol/L have been associated
with toxicity; however, defining a baseline plasma Al con-
centration threshold to diagnose toxic Al accumulation is
difficult.”® There is not a single report in the literature of
significant Al toxicity occurring in the presence of Al levels
less than 1.5 pmol/L. Elevated Al levels above 1.5 umol/L
in 1 Australian report occurred in less than 2% of
patients.® Most elevated Al concentrations are one-off iso-
lated levels with sustained abnormal concentrations being
uncommon.'® Therefore, consistent with our study, the
literature also supports that the number of elevated Al
levels is exceedingly low and often transient. There are no
published data to determine whether an increase in
plasma levels over time leads to tissue accumulation of Al

Al replaces calcium at the mineralization front in bone,
disturbing osteoid formation and causing low turnover
bone problems. There is evidence that single measure-
ments of serum Al show correlation with Al bone disease,
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with 1 study demonstrating a level greater than 100 pg/L
(3.7 umol/L) as a reliable indicator of Al deposits in
bone.”® Another reported a threefold higher risk for this
complication in patients in the highest quartile of serum
Al, although there was no threshold level of Al that dis-
criminated between patients with Al bone disease and
those without."” Another reported that a serum Al level of
60 ug/L (2.22 pmol/L) in combination with an intact
Parathyroid Hormone (PTH) < 16 pmol/L provided a rela-
tively sensitive and specific index for the detection of
Al-related bone disease.”®

The diagnosis of Al bone disease is important and some
dialysis units continue to monitor Al levels regularly
because of concerns that exposure may continue from
medications used without knowledge such as over-the-
counter antacids. Many other prescribed medications also
contain hidden Al in smaller amounts.”®'® One report
suggested regular attention should be paid to reviewing
medications known to contain significant amounts of Al
that patients may be taking without knowledge of their
physicians.'® Al levels have been shown to be higher in
patients receiving injectable drugs such as iron, insulin, or
erythropoietin compared to those who did not receive
these medications.®

With the move toward hemodiafiltration and the expo-
sure to even more dialyzate water, there is the potential for
increased exposure to Al from poorly maintained or failing
RO membranes, so it would be important to maintain
review of dialyzate Al and raw water Al levels. The prob-
lems associated with Al toxicity are not just confined to
HD patients, but patients undertaking PD are also at risk.
Al-based phosphate binders have been reported to con-
tribute to toxicity in the latter population as well as non-
dialyzed uremic individuals.***°

The possibility of sample contamination due to extra-
neous sources of Al in samples needs to be considered. Al
is a ubiquitous metal and contamination of plasma can
occur from sources including environmental dust on the
blood tubes or gloves. Considerable care is required in the
storage of tubes, phlebotomy procedure, and sample
preparation for the determination of Al levels to prevent
contamination.

With a very low frequency of elevated total Al levels
signifying risk of toxicity (0.49%) at our center and at a
significant monetary cost, routine plasma Al determina-
tions in patients at low risk are unlikely to be cost-
effective. One report from the United States highlighted
that the cost of Al levels may range from $40 to $100
(Spectra Laboratories) and therefore yearly costs of
$32,000-$80,000 could be incurred with routine mea-
surement for an average dialysis unit.'
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Studies have reported that patients on dialysis taking
Al-based phosphate binders with RO-treated water had no
evidence of Al toxicity, and therefore arguing that the use
of Al binders in the era of RO-treated dialysis water may
be safe. The vast majority of dialysis patients in our cohort
with abnormal plasma Al levels were taking AI(OH); as a
binder. Although only 21% of all patients on AI(OH)s had
transiently elevated Al levels, this compares to only 3% of
subjects not taking Al-based binders. We also report the
reduction in use of AI(OH)s over time with a significantly
decreased exposure to these binders being associated with
a decreased proportion of patients having elevated Al
levels in the more recent period.

Limitations of our study include lack of information on
residual renal function, inability to accurately determine
the cumulative dose of Al-based binders in individuals,
and absence of DFO testing to assess total body Al load.
Our study does not address the predictive value of abnor-
mal plasma Al levels and when the frequency of abnormal
levels in a population is extremely low, the utility of that
test as a screening tool becomes negligible. The other
consideration of Al measurement should be of cost-
effectiveness, which could not be demonstrated in our
study.

Plasma Al as a suitable measure of the body burden to
this metal is questionable. Although there is a correlation
between plasma levels and Al bone disease, the predictive
value of Al concentrations for bone disease is poor. The
evidence that Al is absorbed from Al(OH); and other
Al-containing compounds is indirect, and the methodol-
ogy for measuring Al levels using stable isotope and mass
spectroscopy is very expensive, has limited availability,
and should only be performed on a small number of
patients. In summary, we feel that regular unselected
testing of all dialysis patients is probably unnecessary
given the frequency of plasma results indicative of Al
overload. The costs of such a testing strategy make it
unlikely to be cost-effective. From a patient safety point of
view, it makes more sense to monitor RO water levels
periodically to ensure the RO is working efficiently. There
is some logic in assessing Al levels in patients in whom the
risk of overload is high and there is clinical suspicion of
toxicity, e.g., those exposed to long-term therapy with
Al-containing medications like AI(OH);, antacids, and
concomitant use of any drug that augments gut absorp-
tion. Furthermore, guidelines and recommendations
should be updated to reflect the reduced risk of exposure
from Al-containing dialyzate. Isolated high levels are likely
to be caused by contamination at the time of testing and
not true Al overload. On the basis of our review, we have
now moved to only perform selected testing of plasma Al
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on the basis of assessment of clinical risk, while routine
testing of dialyzate Al is continuing.
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