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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 ‘Chronic Kidney Disease – Mineral Bone Disorder’ (CKD-MBD). 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 (HR-pQCT) and high-resolution magnetic 

resonance imaging (HR-MRI or micro-MRI) provide accurate noninvasive 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 investigative tools may provide a 

non-invasive diagnostic virtual bone biopsy.  
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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 manifested 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 (ESKD) including dialysis and especially 

renal transplantation, have overwhelmingly highlighted the greater risk of fracture in the 

CKD population when compared with age- and gender-matched populations1-5. Higher rates 

of hospitalization and mortality occur in patients with advanced CKD who develop fractures4, 

6. 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 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 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 resonance 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 
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targeted the added 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 micro damage7. Assessment of 

the microarchitecture, in addition to BMD, is important in the context of ROD, although the 

high spatial resolution required to resolve bone microstructure in a clinically feasible scan 

time is challenging. Currently, the best modalities reported to achieve these requirements 

are HR-pQCT and micro-MRI.  

 

HR-pQCT uses a low radiation dedicated extremity scanner (XtremeCT; Scanco Medical AG, 

Brüttisellen, Switzerland) with low radiation exposure to measure cortical and trabecular 

bone structural parameters and volumetric BMD (vBMD) from the distal radius or tibia8. 

Micro-MRI, a non-ionising method for in vivo quantification of bone microarchitecture, is 

performed using readily available clinical scanners but customized pulse sequences, coils 

and sophisticated post-processing and analysis9. 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, but usually with lower spatial resolution10. The structural parameters 

measured by both these modalities have been validated against the ‘gold standard’ 

measurements using micro-computed tomography of bone from a biopsy11, 12 and 

description of these parameters follows the same nomenclature as classical bone 

histomorphometry, leading some clinicians to refer to the process as a “virtual bone 

biopsy”13, 14. 

 

Traditionally, vertebral fractures have been clinical endpoints assessed in research studies, 

and have 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 fragility15, 
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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 therapy8. While 

newer image analysis programs are being developed for HR-pQCT to negate this 

confounding, feasibility studies using micro-MRI and ultrashort-echo-time (UTE) imaging 

technique to quantify water content of cortical bone as a surrogate measure of cortical 

porosity with MRI have been encouraging16. Techawiboonwong et al16 validated UTE imaging 

in bone specimens and demonstrated increased cortical porosity by showing the bone water 

content to be 135% higher in patients undergoing maintenance haemodialysis compared to 

pre-menopausal women with no significant differences in tibial vBMD of the respective 

groups.  

 

Finite element analysis (FEA), a computational method that yields loading scenario specific 

image based estimates of bone strength, can be applied to three-dimensional HR-pQCT and 

micro-MRI data to measure strength, either of whole bone or its compartments17, 18. 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 add another potential method of 

assessing bone vulnerability19. Recently Rajapakse et al20 described 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 fractures3, 21 

 

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 fractures22-24. Similar investigations have also linked 

hyperparathyroidism and increased levels of bone turnover markers with low vBMD, 
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abnormal bone microarchitecture and fracture25, 26. 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 5D27 and post renal transplantation18, 28  and have demonstrated associations 

with elevated parathyroid hormone (PTH) levels and bone turnover markers.  

 

In one prospective study of 131 patients with pre-dialysis CKD (stages 3-5), West et al29 

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 modality, 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 et al30 in a small randomised controlled trial to demonstrate the 

effect of denosumab on bone microarchitecture and mechanical competence assessed by 

HR-pQCT in kidney transplant recipients. 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 discrimination and demonstrated structural and mechanical 

implications of therapeutic interventions longitudinally on bone microarchitecture31-33 

Unfortunately, despite advances in MRI techniques over the last decade, there have been 

few studies examining its role in ROD. Micro-MRI derived bone structural parameters in 

patients with CKD and renal transplant recipients have been reported to discriminate 

between patients with and without fractures34. Wehrli et al35 evaluated the role of micro-

MRI in assessing bone microstructure in 17 young adults on maintenance haemodialysis, 

demonstrating significantly lower cortical thickness and cross-sectional area and evidence of 

trabecular disruption in the dialysis patients compared to controls. Rajapakse et al17 applied 

finite element modeling to micro-MRI images to assess cortical and trabecular structure and 

bone strength in renal transplant recipients, and demonstrated a decrease in stiffness and 
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failure strength in distal tibia over 6 months post renal transplantation without 

corresponding changes in the conventional structural parameters.  

 

The future of high-resolution imaging in CKD – more research needed 

Bone abnormalities in CKD are inadequately understood and managed, mainly owing to the 

unique and complex pathophysiology of ROD and the lack of diagnostic tools. Non-invasive 

high-resolution imaging has the potential to fill, at least partially, the significant gap 

between screening of BMD using DXA and the comprehensive diagnosis by bone biopsy. HR-

pQCT and micro-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 highly 

susceptible to bone abnormalities. 

 

While the euphoria surrounding the potential of high-resolution imaging is not unfounded, it 

has to be viewed in the context of technical caveats, relative lack of standardisation of 

reference and technical parameters and the limitation of imaging to peripheral sites (Table 

1). These modalities are currently confined to the research setting which, combined with 

associated high costs, are potential hurdles in their projected implementation in mainstream 

clinical practice. 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. Requirements for further study before implementation, 

include developing and validating fracture prediction tools incorporating the uniqueness of 

ROD, and techniques to image bone microstructure at proximal sites. These challenges are 

significant but not insurmountable, and once met, may fulfill the vision of a “virtual bone 

biopsy”. 
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Table 1. Comparison between HR-pQCT and micro-MRI imaging techniques 
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 Micro-MRI HR-pQCT 

Imaging sites Distal tibia, radius, femur Distal tibia, radius 

Scan time ~12  min ~3  min 

Spatial resolution 
137  ×  137     3 

anisotropic 

82  µm3  

isotropic 

Radiation No <4  μSv 

Measures Microarchitecture vBMD, microarchitecture 

Evidence for clinical 

applications 

• Microstructural changes in 

osteoporosis, 

hypogonadism 

• Fracture discrimination 

• Longitudinal monitoring of 

treatment effect 

• CKD and kidney transplant 

• No prospective studies for 

predicting fracture risk yet 

• Microstructural changes in 

osteoporosis, with 

associated treatment 

interventions and fracture 

discrimination, have been 

studied in non-CKD cohorts 

• CKD and kidney transplant 

including evaluating 

prediction for fracture risk 

Advantages 

• Performed on widely 

available clinical MRI 

scanners 

• No ionizing radiation 

• Potential to assess femur 

microarchitecture 

• Automated protocol once 

periosteal contouring 

defined by the operator 

• Assess all parameters of 

bone architecture including 

vBMD and cortical porosity 

•Low radiation 

Limitations 

• Customized radio-

frequency sequences and 

peripheral hardware 

• Sophisticated and 

complicated post-

processing techniques 

• Dedicated scanner – not 

available in clinical settings 

• Scans limited to 

peripheral sites by bore size 

and potential radiation 

exposure 
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• Lack of standardized 

reference data and 

heterogeneity of processing 

techniques 

• Specialized techniques to 

measure cortical porosity 

• Very few studies in CKD 

and lack of robust validation 

against histomorphometry 

 

• Problems with 

segmentation and image 

registration techniques 

• Lack of standardized 

reference data 

• Few but increasing 

number of studies in CKD 

and lack of robust validation 

against histomorphometry 
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