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Abstract | Imaging is essential to the evaluation of bone and joint diseases, and the digital era has 
contributed to an exponential increase in the number of publications on noninvasive analytical techniques 
for the quantification of changes to bone and joints that occur in health and in disease. One such 
technique is high-resolution peripheral quantitative CT (HR-pQCT), which has introduced a new dimension 
in the imaging of bone and joints by providing images that are both 3D and at high resolution (82 μm 
isotropic voxel size), with a low level of radiation exposure (3–5 μSv). HR-pQCT enables the analysis of 
cortical and trabecular properties separately and to apply micro-finite element analysis for calculating 
bone biomechanical competence in vivo at the distal sites of the skeleton (distal radius and distal tibia). 
Moreover, HR-pQCT makes possible the in vivo assessment of the spatial distribution, dimensions and 
delineation of cortical bone erosions, osteophytes, periarticular cortical and trabecular microarchitecture, 
and 3D joint-space volume of the finger joints and wrists. HR-pQCT is, therefore, a technique with a high 
potential for improving our understanding of bone and joint diseases at the microarchitectural level.
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Introduction
Imaging of bone and joints is an essential part of the evalu
ation of diseases that affect these structures. The digital era 
has contributed to an exponential increase in the number 
of publications on noninvasive analytical techniques for 
the quantification of changes that occur in healthy indivi
duals and in those with bone and joint diseases. Imaging 
techniques vary in methodo logy (being based on Xray, 
magnetic resonance or ultrasound), measurable dimen
sions (producing either 2D or 3D images), spatial resolu
tion, radiation exposure, acquisition time and parameters 
assessed (Table 1).1 They also vary in the size of bone or 
joint that can be measured (small or large), the region of 
interest (ROI) (whole bone or parts of bone; full spine or 
parts of the spine; small or large joints), accuracy, preci
sion, cost and availability. Lastly, they vary in their power 
to predict clinical outcomes such as fractures (in bone dis
eases) and function (in joint diseases). Each method has 
strengths and limitations in one or more of these aspects.

The advent of highresolution peripheral quantita
tive CT (HRpQCT; XtremeCT, Scanco Medical AG, 

Brüttisellen, Switzerland) introduced a new dimension 
in the imaging of bone and joints because it provides 3D 
images of cortical and trabecular bone with high reso
lution combined with low levels of radiation exposure 
(Figures 1 and 2). In this Review, we present the current 
state of the use of HRpQCT in the evaluation of bone 
and joint diseases. The technical aspects of HRpQCT 
are described, together with the possibilities, pitfalls, 
advantages and limitations of this approach. We discuss 
the additional value of HRpQCT over other imaging 
techniques, and provide a perspective on the potential 
of HRpQCT in basic research, clinical trials and daily 
clinical practice.

Structure of normal and diseased bone
Osteoporosis has been defined by the WHO as a general
ized skeletal disease associated with both low areal bone 
mineral density (aBMD) and microarchitectural changes 
and deterioration, resulting in an increased risk of frac
ture.2 Measurement of aBMD by use of dualenergy 
Xray absorptiometry (DXA) has become a widely used 
clinical tool for the evaluation of fracture risk; however, 
owing to its inherent error in accuracy and reproducibil
ity and the limitations of projecting 3D structures onto 
2D images, aBMD lacks sensitivity and specificity for 
fracture prediction.

The use of aBMD has led to several misconceptions 
due to its inability to differentiate cortical from trabecular 
bone and to quantify bone structure, material composition 
or cortical porosity.3,4 Research examining fracture preva
lence as a function of aBMD confirmed that fracture risk 
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increases as aBMD decreases, but also demonstrated that 
about 50% of all fractures occur in the large proportion of 
the population with osteo penia (who are at modest risk  
of fracture) rather than the smaller fraction of the popu
lation with osteoporosis (and consequently the highest 
absolute risk of fracture).5–8 Indeed, most patients with a 
fragility fracture do not have osteoporosis.7 Furthermore, 
changes in aBMD explain only a small proportion of the 
reduction in vertebral fracture risk after therapy for osteo
porosis.9 Therefore, techniques to evaluate bonerelated 
factors other than bone mineral density (BMD), such as 
macro architecture, microarchitecture and bone quality, 
have been developed.

Unlike DXA, quantitative CT (QCT) and periph
eral QCT techniques are able to distinguish cortical 
from trabecular bone. In vivo 3D quantification of tra
becular structure by HRpQCT was introduced in the 
mid1990s,10 and enables noninvasive assessment of bone 
microarchitecture and better assessment of bone fragility 
than the imaging methods listed in Table 1. HRpQCT, 
which has a nominal resolution of 82 μm, can quantify 
trabecular and cortical bone structure by acquiring 110 
consecutive slices from the distal radius or distal tibia.1

HRpQCT can assess total, cortical and trabecular 
true volumetric BMD (vBMD) and parametric or non
parametric bone structure parameters,11–13 and so provide 

Key points

 ■ High-resolution peripheral quantitative CT (HR-pQCT) enables noninvasive 
evaluation of bones and joints by producing high-resolution 3D images with 
exposure to only low levels of radiation 

 ■ The ability to measure cortical and trabecular bone density and architecture 
separately has enabled us to better understand changes that occur with age, 
differences between sexes and races, and the effects of drug treatment

 ■ Bone involvement in rheumatic diseases of the hand joints is heterogeneous, 
and a growing body of evidence indicates that 3D image analysis will enable us 
to quantify these changes

 ■ Fracture healing is a complex process with concomitant and subsequent 
changes in cortical and trabecular bone density and architecture

 ■ Segmenting cortical and trabecular compartments requires measurement of 
the transitional zone between them for accurate assessment of the effects  
of growth, ageing, disease, and drug therapy

unique insights into bone quality, a key component of 
bone strength. At present, this method is the only 
approach that provides images with a spatial resolution in 
the range of the trabecular scale for human in vivo studies. 
More over, it involves exposure to low levels of radiation 
(<5 μSv), and has a short scan time (<3 min),12 so it is well 
suited to clinical and research uses.

Population studies
In crosssectional analyses of populationbased cohorts, 
HRpQCT has identified substantial agerelated differ
ences in vBMD, trabecular structure and cortical thick
ness in premenopausal and postmenopausal women.12–15 
These studies reported that reduced trabecular vBMD is 
accompanied by reduced trabecular number and thick
ness, together with increased trabecular separation. These 
differences were paralleled by an agerelated decrease in 
cortical thickness, consistent with higher cortical porosity 
both at the distal radius and distal tibia.15 These modifi
cations accelerated after menopause, but differed at the 
two distal sites. Specifically, the bone volume fraction 
in the trabecular region tended to remain stable up to 
menopause and to be lower there after at the distal radius, 
whereas it decreased from early adulthood at the distal 
tibia.15 For instance, among 324 white American women 
in a Mayo Clinic cohort, trabecular bone volume fraction 
at the distal radius declined by 26% between ages 20 and 
90 years,13 and in 441 women in the Canadian Multicentre 
Osteoporosis Study (CaMOS) the trabecular number 
declined by 21% and the cortical thickness decreased by 
31% at the same site.14 At the distal tibia, the magnitude of 
these declines was of the same order. By contrast, trabecu
lar thickness tended to be higher before the age of 50 years 
than in older women, at least in the CaMOS cohort,14 but 
unexpectedly the opposite was found in the Mayo Clinic 
cohort,13 possibly owing to the use of a prototype version 
of HRpQCT with slightly poorer resolution (89 μm). 
Also, the decline in trabecular indices in young adults 
was not replicated in another cohort, perhaps owing to 
small sample size (58 men and 74 women).15

In the Canadian cohort, the pattern of bone impair
ment with increasing age also differed between the 

Table 1 | Comparison of in vivo bone and joint imaging techniques1

Method Nominal 
resolution (μm)

Effective radiation 
dose (μSv)

Acquisition 
time (min)

Parameters assessed 

Conventional 2D 
radiography, hand

<50 10 <1 Bone size, cortical thickness, diseases

HR 2D radiography, hand 50 <5 <1 Trabecular structure, erosions

Adult DXA 1,000–2,500 5–20 <1 BMC, BMD

Musculoskeletal 
ultrasonography

200–500 0 >10 Synovitis, effusion, erosions, vascularization

MRI 150–200 0 10–30 BME, erosions, cartilage, effusion

3D QCT, spine
3D QCT, hip
3D QCT, wrist
3D HR-pQCT

250–300
250–300
250–300
82

1,500
2,900
<10
3–5

<1
<1
<1
3

BMD, cortical and trabecular structure, FEA

Abbreviations: BMC, bone mineral content; BMD, bone mineral density; BME, bone marrow oedema; DXA, dual-energy X-ray absorptiometry; FEA, finite element 
analysis; HR, high resolution; QCT, quantitative CT.
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cortical and the trabecular compartments.14 Cortical 
BMD at the radius remained fairly stable until the meno
pausal transition and declined thereafter; nonetheless, 
the proportion of load carried by the cortex remained 
constant over time.14 The maximum increase in cortical 
porosity at the radius probably occurs between the ages of 
50 and 60 years.16 At the distal tibia, the decline in cortical 
BMD started before the menopausal transition.13–15 These 
observations, however, were made in crosssectional 
studies. The exact pattern of agerelated bone loss needs 
to be confirmed in longitudinal analyses (Figure 2).

These crosssectional analyses,12–15 performed with 
a noninvasive technique, have confirmed the pattern of 
bone decline with age that was observed in past cross 
sectional histo morphometric studies.17 They also permit 
one to distinguish the trabecular and cortical compart
ments (Figure 2a), which is not possible with the measure
ment of aBMD provided by DXA. So far, HRpQCT has 
been the only technique to enable the noninvasive evalua
tion of microarchitecture in vivo. Therefore, this technique 
has also the potential to better explore the morphological 
differences of bone fragility between men and women, 

between ethnic groups and also among the various forms 
of secondary osteoporosis (for example, in chronic renal 
failure and in corticosteroidtreated patients).

Patients with fractures
As aBMD determined by DXA predicts only half of fragil
ity fractures,18 which are observed mainly in women 
with aBMD in the osteopenic range, studying micro
architecture with HRpQCT might avoid some of the 
intrinsic limitations of DXA. Indeed, in a case–control 
analysis of HRpQCT in the French populationbased 
OFELY cohort, osteopenic women with fragility fractures 
(n = 35) had lower trabecular density (–12.3%, P = 0.018) 
and more heterogeneous trabecular distribution (25.6%, 
P = 0.011) than women without fractures (n = 78) who 
had the same aBMD at the spine and hip.12 Similarly, in 
a case–control study enrolling postmenopausal women 
with recent wrist (n = 50) or hip fractures (n = 62), 
HRpQCT measures, in particular the cortical parameters 
at the distal tibia, were able to distinguish between women 
with fractures and healthy controls (n = 54).19 More over, 
vertebral fractures in postmenopausal women have been 
associated with low vBMD and architectural alterations 
of both trabecular and cortical bone, as identified using 
HRpQCT.20 In this study, severe and multiple vertebral 
fractures were associated with more extensive alterations 
of cortical bone, with an ageadjusted odds ratio (OR) of 
2.04 (95% CI, 1.02–4.00) for each SD decrease of cortical 
thickness, after adjustment for aBMD.

Mechanical testing of ex vivo bone samples is con sidered 
as the gold standard to determine bone strength, but this 
technique cannot be applied in vivo. Bone mecha nical 
properties can be estimated using CT images, by model
ling discrete 3D parts of the images (finite elements), to 
approach these mechanical properties without formal 
ex vivo mechanical testing. With HRpQCT, one can esti
mate bone stiffness (resistance to deformation) and bone 
strength (the breaking capacity) by using microfinite 
element analysis (μFEA). Thus, in a case–control study 
among postmenopausal women (n = 66), the proportion 
of load carried by cortical bone compared with trabecular 
bone was associated with wrist fracture indepen dently of 
aBMD and micro architecture.21 In another cross sectional 
analysis, μFEA parameters evaluated at distal sites such 
as the tibia and radius were also associated with all types 
of prevalent fractures, including vertebral fractures, and 
the magnitude of the association was similar at the tibia 
and radius.22 Thus, at the radius, vertebral fractures were 
associated with trabecular microarchitecture with an 
OR of 1.86 (95% CI 1.143.03), whereas nonvertebral 
fractures were associated with bone strength and quan
tity, with an OR of 2.03 (95% CI 1.36–3.02). At the tibia, 
both vertebral frac ture (OR = 2.92, 95% CI 1.14–3.03) and 
nonvertebral frac ture (OR = 2.64, 95% CI 1.63–4.27) were 
associated with bone strength and quantity.22 So, mechani
cal properties of the tibia and radius seem to be reasonably 
representative of those of other, distant bone sites. Local 
topological analysis describing rodlike and platelike tra
beculae, which is feasible with HRpQCT at the resolution 
of 82 μm, might also be helpful to improve fracture risk 

a

c

b

22.50 mm

9.02 mm

9.50 mm

9.02 mm

Figure 1 | HR-pQCT. a | Positioning of the patient on a HR-pQCT machine to scan 
the distal tibia. b | Identifying the scanning region (between the pair of dotted 
lines) in the tibia (left) and radius (right). c | Axial images of a tibia (left) and radius 
(right). Abbreviation: HR-pQCT, high-resolution peripheral quantitative CT. 

Trabecular bone Cortical bonea

b

Figure 2 | Imaging of cortical and trabecular compartments with HR-pQCT.  
a | Segmentation of forearm cortical and trabecular bone in HR-pQCT images.  
b | Cortical and trabecular deterioration with ageing in the ultra-distal radius; 
greyscale (top) and segmented bone versus non-bone (bottom) 3D images. 
Abbreviation: HR-pQCT, high-resolution peripheral quantitative CT.

REVIEWS

© 2014 Macmillan Publishers Limited. All rights reserved



NATURE REVIEWS | RHEUMATOLOGY  VOLUME 10 | MAY 2014 | 307

prediction.23 Most of these results observed in retrospec
tive studies were obtained after adjustment for aBMD 
at the radius for radius measurements and for aBMD at 
the hip for tibia measurements. To better establish the 
value of HRpQCT in predicting fractures independently 
from or in combination with aBMD, prospective studies 
are needed.

The compartmentspecific analyses that can be con
ducted with HRpQCT are helpful for clarifying discrep
ancies between fracture prevalence and risk prediction 
based on aBMD. Indeed, in individuals with smaller 
bones, aBMD underestimates the bone density.24 Further
more, bone geometry and microarchitecture can be quite 
different at the same level of aBMD,24 and thus these vari
ations are not captured by the evaluation of aBMD. For 
instance, Asian individuals have lower aBMD but none
theless sustain fewer fractures than white indivi duals with 
lower aBMD.25,26 Using HRpQCT, Wang et al.27 observed 
that premenopausal Asian women have thicker cortices 
and thicker but fewer trabeculae than white women. In 
ChineseAmerican women, higher estimates of bone 
stiffness and strength in μFEA could thus explain why 
Asian individuals sustain fewer fractures than expected 
given they have smaller bones.28 Moreover, in Chinese
American premenopausal and postmenopausal women, 
cortical porosity has been found to be lower than in white 
women.29 These sort of measurements, however, can be 
challenging to obtain because of the difficulties in repro
ducing scan positioning. These difficulties can be over
come by standardizing patient positioning and carefully 
monitoring scan quality.

HRpQCT has also been used to address bone fragil
ity in men and sexrelated differences in characteristics 
such as bone microarchitecture and size. For example, 
Khosla et al.13 found that trabecular bone volume frac
tion and thickness were significantly higher in 19 young 
men than in 17 young women (26%, P = 0.001 and 28%, 
P <0.001 respectively). The rate of agerelated decline in 
trabecular bone volume fraction seemed to be indepen
dent of sex; however, in ageing but otherwise healthy 
men, trabecular thinning seemed to predominate over 
actual loss of trabeculae, in contrast to what is observed 
in women. In addition, μFEA estimates of bone strength 
at the distal radius and tibia in 185 men with prevalent 
fracture and 185 healthy individuals have been associ
ated with prevalent fracture risk at distant sites,22 which 
is reminiscent of the findings in postmenopausal women. 
How ever, men seem to experience a lesser increase in 
cortical porosity (84% versus 176%) and more periosteal 
expansion (28% versus 11% at the radius) than women.14 
Of note, these differences are probably acquired in early 
adulthood, because peripubertal and postpubertal girls 
have greater cortical density and lower cortical porosity 
than peripubertal and postpubertal boys.30 In a cross 
sectional analysis of 920 older men, the micro architecture 
impairment seemed to be associated more with the sever
ity of prevalent fracture than with the fracture events 
themselves, with ORs ranging from 1.25 to 1.94 for the 
association between fracture severity and the various 
mi croarchitecture parameters.31

Fracture healing
Fracture healing is a complex process involving many 
concomitant and subsequent cellular and biochemical 
processes. Haematoma formation, inflammation, bone 
repair with formation of a soft and hard callus by intra
membranous and endochondral bone formation, and 
bone remodelling are all aspects of the healing process.

The evaluation of bone healing is one of the most dif
ficult tasks for orthopaedic and trauma surgeons and is 
based on clinical findings and interpretation of conven
tional radiography. Such findings are subjective, and their 
validity in quantifying fracture healing and bone strength 
has been questioned.32–35 Radiographic evidence of callus 
formation is dependent on the bone involved and the type 
and environment of the fracture.36 Cortical bone frac
tures start healing periosteally and endosteally, produc
ing ample callus, whereas metaphyseal fractures, such as 
stable distal radius fractures, tend to heal endo steally, with 
new bone being formed on existing trabeculae, producing 
less callus and less perceptible cortical bridging.37,38

With the introduction of conventional QCT, vBMD 
evaluation and improved 3D diagnostic evaluation of 
fractures became available.39–41 CTbased imaging enabled 
the presence or absence cortical union in scaphoid frac
tures to be observed,40 but CT was not substantially better 
than conventional radiography at determining healed 
distal radius and fibular fractures.42

Only a few studies using conventional QCT in animals 
for assessment of the fracture healing process and the 
evaluation of bone strength during healing have been 
reported. QCTdetermined vBMD was strongly associ
ated with torsional and indentation stiffness in one such 
study,43 and vBMD at the fracture site was reported to 
be the best predictor of mechanical biomechanical 
com petence.44 Not surprisingly, bone structure was not 
assessed in either study owing to the limited resolution 
of clinical QCT.

The availability of HRpQCT imaging has made it pos
sible to measure bone structure in peripheral fractures in 
great detail. Mueller et al.45 reported a first clinical case 
of a patient with a fracture at the distal radius that was 
treated with a new bone graft substitute. They concluded 
that HRpQCTbased μFEA shows a high potential to 
quantify bone healing in patients.

In a pilot study presented at the American Society for 
Bone and Mineral Research meeting in 2012, the in vivo 
changes in bone structure and biomechanical competence 
at the site of fracture were analysed in 18 postmenopausal 
women with a stable distal radius fracture.46 Substantial 
changes were detected in concomitant bone loss and gain 
and in stiffness at the fracture site during the healing 
process (Figure 3). Although promising, the application 
of HRpQCT for the evaluation of fracture healing has to 
be further studied and validated before it can be applied 
to clinical practice, and will be limited to distal radius and 
tibia fractures.

Diseases
HRpQCT can be used to provide insights into altera
tions in BMD and bone architecture in various diseases. 
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For example, patients with type 2 diabetes mellitus typi
cally have normal to high aBMD, but they sustain more 
fractures than nondiabetic controls. With HRpQCT, it 
has been shown that this elevated risk could be attribut
able to increased cortical porosity.47 The explanation for 
this increased porosity remains elusive, but it could be 
targeted in future clinical trials testing the value of potent 
antiresorptive therapies. Patients with chronic kidney 
disease (CKD) are at increased risk of hip and verte
bral fracture.48 In this setting, a compartment specific 
approach is probably preferable to DXA, as DXA is a poor 
predictor of fracture and renal osteodystrophy affects 
trabecu lar and cortical compartments differently. Indeed, 
impaired bone microarchitecture has been observed in 
studies of 91 and 70 patients with early CKD49,50 and in 79 
patients on dialysis,51 with the latter study also showing 
that peritoneal dialysis seemed to be less deleterious for 
the bone than haemodialysis.

Among 27 women with primary hyperparathyroidism 
compared with 27 agematched healthy controls, no 
impairment was observed at the distal tibia, whereas 
decreased cortical and trabecular volumetric densities 
at the radius were found, together with reduced cortical 
thickness and increased cortical porosity.52 These findings 
suggest that the anabolic effect of para thyroid hormone 
(PTH) on bone depends on mechanical loading, which 
is in line with what has been observed in animal models 
examining the influence of PTH on bone.52 In men with 
chronic obstructive pulmonary disease, fatfreemass 
index and gastransfer capacity of the lung were associ
ated with bone stiffness and failure load at the distal tibia 
after adjustment for femoralneck aBMD.53 This finding is 
suggestive of an influence of chronic anoxia and impaired 
body composition on bone health, which could not be 
detected with DXA; HRpQCT might therefore become 
a useful tool to increase understanding of the role of lung 
disease in bone loss and to predict fracture in patients 
with chronic obstructive pulmonary disease.

In the future, HRpQCT will probably be helpful to 
explore the pathophysiology of the bone deterioration 
that is observed in various chronic diseases, because of 

its ability to distinguish the cortical and trabecular bone 
compartments—which might be affected in different 
ways that are not detected by DXA—and also because of 
the possibility to estimate bone strength by μFEA.

Effect of antiosteoporotic drugs
So far, the effects of antiosteoporotic drugs on HRpQCT 
parameters have been tested in randomized controlled 
trials with four classes of agent: oral bisphosphonates, 
denosumab, strontium ranelate and odanacatib.

Among 324 postmenopausal women randomly allo
cated to receive either placebo or risedronate at a dose of 
35 mg per week, no differences were observed in trabecu
lar and cortical HRpQCT parameters between the groups 
at 12 months.54 However, compared with placebo, risedro
nate tended to prevent decline from baseline in vBMD 
and cortical thickness at the distal tibia.54 The effect of 
risedronate on microarchitecture was greater among 
women who were in the early phase of the menopause 
than in older women. Similarly, in a trial examining the 
effect of oral ibandronate at a dose of 150 mg per month 
compared with placebo, Chapurlat et al.55 found no differ
ences in trabecular and cortical parameters at the radius 
between groups, with up to 24 months of followup. At the 
tibia, however, cortical vBMD and thickness were greater 
in the ibandronate group than in the placebo group (2% 
and 5% respectively, P <0.005). Similarly, in a pilot trial 
comparing alendronate with placebo over 24 months 
in 53 post menopausal women,56 HRpQCT measures 
showed improvement compared with baseline values 
only at the distal tibia in alendronatetreated patients. In 
another doubleblind pilot study, 247 postmenopausal 
women were randomly allocated to receive denosumab 
(60 mg subcutaneously every 6 months), alendronate 
(70 mg orally every week) or placebo for 12 months.57 In 
the placebo group, microarchitecture variables declined;  
in the alendronate group, the decay was prevented; and in 
the denosumab group, these HRpQCT parameters either 
remained stable or improved.

Strontium ranelate has been compared with alendronate 
in a randomized trial, but not with placebo.58 At the radius, 
most comparisons were not significantly different. At the 
tibia, parameters (including estimates of bone strength) 
remained stable in the alendronate group, whereas they 
improved in patients treated with strontium ranelate.

Odanacatib, a cathepsin K inhibitor currently in 
develop ment, has also been tested in a randomized, 
 doubleblind placebocontrolled trial, using HRpQCT of 
the distal radius and distal tibia.59 A total of 214 postmeno
pausal women were randomly allocated to receive 50 mg 
oral odanacatib or placebo weekly for 2 years. Odanacatib 
increased cortical and trabecular vBMD and improved 
cortical thickness of the distal radius and distal tibia, and 
improved the estimated bone strength in the distal radius, 
compared with placebo.

Taken together, these data suggest that the distal tibia is 
more responsive to antiosteoporotic treatments than the 
distal radius. It is possible that the mechanical stimulus 
at this site improves the response to treatment and thus 
the distal tibia might be a preferred site for monitoring. 

Weeks 1–2 (baseline) Weeks 3–4 Weeks 6–8 Week 12

Figure 3 | HR-pQCT image showing bone apposition (green) and resorption (red) 
during fracture healing.46 Images obtained by superposition of consecutive images 
over the baseline image. Arrows indicate cortical fracture locations. Image 
provided courtesy of P. Geusens and J. van den Bergh. Abbreviation: HR-pQCT,  
high-resolution peripheral quantitative CT.
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However, as motion artefacts are especially common when 
measuring the radius, the scan quality has been found to 
be inadequate at this site in a sizeable number of cases,60 
with impairment of the reproducibility in longitudinal 
studies.61 In the trials,54–59 these inadequate scans have not 
been excluded, to avoid missing values and to ensure the 
validity of the statistical analysis. This issue might have 
biased some of the results towards the null, leading to the 
conclusion that the distal tibia site was more appropriate. 
Alternatively, HRpQCT results at the radius also confirm 
what had already observed with aBMD and most studies 
of antiosteoporotic drugs; that is, the distal radius bone 
density is poorly responsive to therapy. Probably, the best 
added value of HRpQCT in treatment evaluation is the 
possibility to estimate bone strength.

Imaging of joint diseases by HR‑pQCT
Radiography has always been the key technique for the 
detection of structural bone damage in patients with 
inflammatory arthritis, such as rheumatoid arthritis 
(RA) and psoriatic arthritis (PsA). As conventional 
radiography is widely available, fast, costeffective and 
easy to use, it has been the most feasible technique to 
detect and to monitor bone change in arthritis to date. 
Nonetheless, studies on the pathophysiology of structural 
bone damage in patients with arthritis, as well as inves
tigations to exactly define the structureprotecting effect 
of antirheumatic therapy, might benefit from the high 
spatial resolution, 3D character and quantitative nature 
of HRpQCT.

To date, HRpQCT has been used to define cortical 
and trabecular bone changes at different anatomical sites 
involved in the disease processes of RA and PsA, which 
include the distal radius, the proximal interphalangeal 
joints and the metacarpophalangeal joints. HRpQCT 
has enabled clinical researchers to exactly define the ana
tomical sites prone to develop bone erosions as well as 
to quantify the size of such erosions (Figure 4).62–64 Bone 
erosions of >2 mm width in cortical break have been iden
tified as highly specific for inflammatory joint diseases.62 

Whereas these large lesions are virtually absent in indivi
duals without inflammatory joint disease, small bone ero
sions of <2 mm can be found frequently. Thus, up to 35% 
of ‘healthy’ individuals have small bone erosions in their 
phalangeal bones.62 The pathogenesis of these lesions is 
unclear, but mechanical forces might be considered as 
the potential triggers. Furthermore, HRpQCT has been 
helpful in validating the capability of other imaging tech
niques, such as MRI and ultrasono graphy, in detecting 
bone erosions.65,66

HRpQCT has been shown to be particularly use ful 
in monitoring the dynamics of individual bone ero sions 
and their responsiveness to treatment. For instance, repair 
processes of existing bone erosions have been studied in 
a longitudinal manner and were identified in patients 
with RA treated with cytokineblocking agents such as 
the TNF inhibitors adalimumab, certolizumab pegol, 
etaner cept and infliximab as well as the IL6receptor 
blocker tocilizumab.66,67

Aside from bone erosions, HRpQCT is also useful 
for visualizing early nonerosive cortical bone changes in 
patients with RA and anabolic bone changes in patients 
with PsA, and for assessing bone quality at the distal radius 
in patients with inflammatory arthritis. Indeed, in patients 
with RA, areas of the periarticular bone where the cortical 
lining is thin and porous (cortical fenestration) have been 
defined by HRpQCT.61 Most importantly, such lesions 
have also been identified in patients with RAspecific 
autoantibodies against citrullinated proteins before they 
develop inflammatory disease.68 These findings suggest 
that bone is altered by auto immunity in patients with RA 
before inflammation emerges, and creates new concepts in 
understanding the patho genesis of RA. Furthermore, bone 
anabolic changes such as the emergence of osteophytes 
and enthesophytes from the periarticular periosteum and 
the insertion sites of the tendons can be visualized using 
HRpQCT. These lesions are particular prominent in PsA, 
and HRpQCT enables the assessment of their localiza
tion and the quantification of their size.69 Moreover, these 
lesions can be assessed in a longitudinal manner, permit
ting the effects of antirheumatic therapy in patients with 
PsA to be monitored.70 Finally, two HRpQCT studies 
have shown that RA is associated with marked trabecular 
bone loss and profound changes in the trabecular bone 
network in the distal radius and the phalangeal bones.71,72 
These data suggest that both cortical and trabecular 
bone structure is changed not only in quantity but also 
in quality in patients with RA, reflecting the burden of 
inflammation on the bone and explaining the substantial 
increase in fracture risk of RA patients.

Possibilities and pitfalls of HR‑pQCT
The development of HRpQCT is an important advance 
in bone image acquisition and analysis. HRpQCT can be 
used to investigate the structural basis of the attainment 
of peak bone strength during growth,73 the structural 
basis of agerelated and menopauserelated deterioration 
in bone strength,14 sexassociated and racial differences in 
bone structure,27,74 arthritisrelated bone changes,62–64 and 
the effects of drug therapy on bone structure.75 However, 
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Figure 4 | HR-pQCT imaging of anatomical sites prone to develop bone erosions.  
a | 3D reconstruction of a proximal interphalangeal joint, with segmentation of cortical 
and trabecular bone and indication of cortical discontinuities. b,c | 3D images of  
the proximal interphalangeal joints in a healthy woman. d,e | Sagittal and coronal  
2D images of the proximal interphalangeal joints in a healthy woman. Abbreviation: 
HR-pQCT, high-resolution peripheral quantitative CT.
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the method has limitations that might result in m isleading 
information if not recognized.

Identifying the transitional zone
Current imageanalysis programmes segment bone com
partments using thresholding, and assume bone has two 
compartments (cortical and trabecular). However, in any 
location containing both cortical and trabecular bone 
(such as the femoral neck), including metaphyses and 
short bones (such as vertebrae), a transitional or cortico
trabecular zone is also present, comprising cortical bone 
and trabeculae abutting the endocortical surface.76

The distinction between the two types of bone can be 
difficult, and this issue might produce errors in quantify
ing cortical and trabecular morphology during advancing 
age and drug therapy. For example, vigorous intra cortical 
remodelling results in porosity and cortical fragments 
that resemble trabeculae.77 Furthermore, peri articular 
cortical bone is thinner and more porous than other cor
tical regions, making distinction between trabecular and 
cortica l bone challenging at this location. Indeed, thres
hold ing might apportion the porosity and the cortical 
fragments to the medullary compartment, erroneously 
elevating trabecu lar density and thus underestimating 
the agerelated loss of trabecular bone, the rise in corti
cal porosity with age and the cortical bone volume in old 
age (as it is ‘seen’ as trabecular bone). Moreover, the tran
sitional zone is not quantified using current HRpQCT 
software (Figure 5).78

This issue is addressed by the development of new soft
ware that analyses images using a nonthresholdbased 
algorithm (known as StrAx1.0), which assigns the voxel 
contents according to their anatomical location. This 
method segments compactappearing cortex, outer and 

inner transitional zones, and medullary compartments, 
enabling a more accurate assessment of morphology, 
including cortical porosity below, as well as above, 100 μm 
in diameter.78

Effects of thresholding on trabecular indices
At the resolution of HRpQCT, trabeculae span 1–2 voxels, 
resulting in partial volume effects if thres holding is used, 
as soft tissue is included in the voxel volume. The attenu a
tion produced could be below the thres hold desig nated as 
‘trabecular’ bone and might th erefore compromise accuracy.

The HRpQCT software directly measures the trabecu lar 
number as the inverse of the mean distance between the 
midaxes of the trabeculae. The mean distance between 
these axes is calculated using 3D distance transforma
tion.11,79 Trabecular thickness and separation are then 
derived using the trabecular bone volume fraction and 
the trabecular number.11 Hence, the trabecular thickness 
and separation are dependent on trabecular number and 
trabecular bone volume fraction. Cortical remnants that 
resemble trabeculae might be included in these calcula
tions, thus resulting in an underestimation of the decline 
in trabecular thickness with age or in disease states. The 
accuracy of other indices, such as structural model index, 
connectivity density and degree of anisotropy, depends 
on the resolution of the images, such that the latter two 
parameters might be underestimated at the resolution of 
82 μm.80 Furthermore, standard software to assess trabecu
lar parameters in regions other than the distal radius, such 
as the metacarpal heads, is not currently available.

Issues in selection of a region of interest
The settings for scanning the ultradistal radius or tibia 
use the endplate as a reference, selecting a ROI 9.5 mm 
and 22.5 mm proximally to the endplate of the radius and  
the tibia, respectively.12,27,73 In growing children, this 
fixed distance becomes more distal as the bone length
ens. More over, the tibia grows more at its proximal than 
dis tal metaphysis, whereas the radius grows more at  
its distal metaphysis, so the changes and errors are likely 
to differ by region.73 Errors might occur when compar
ing sexes or races, and taller and shorter individuals, as 
the fixed ROI is automatically placed more distally in 
those with longer limbs. The cortex might be thinner and 
more porous and the trabecular content higher in these 
indivi duals. Scanning a region located at a set percentage 
of the total bone length by adjusting the ROI is therefore 
recom mended, but further work is needed to address 
this challenge.73,81

‘Slice matching’ in longitudinal studies
Sitespecific variations along the length of the bone might 
result in errors. For example, if the ROI is positioned 
0.5 mm from the previous scan it results, on average, in a 
2% and 6% error in the tibial and radial vBMD, respec
tively.82 The HRpQCT software matches slices derived 
from consecutive images by matching their total cross
sectional areas. Finding exact slices by this method is 
problematic when therapy influences bone size, for 
example in the case of periosteal apposition. Site selection 

a b

Increase in total and cortical vBMD
during a period of growth

∆ total vBMD: 18.9%
∆ total cortical vBMD: 11.8%

Decline in total and cortical vBMD
with ageing

∆ total vBMD: –21.1%
∆ total cortical vBMD: –14.0%

Age 16 years Age 19.8 years Age 51.1 years Age 54.7 years

Figure 5 | HR-pQCT images showing increment and decline of cortical and 
trabecular vBMD during growth and ageing. a | 2D (lower panel) and 3D (upper 
panel) greyscale images of the tibia of an Asian man, showing the increase in total 
and cortical vBMD and cortical thickness between the ages of 16 and 19.8 years.  
b | 2D (lower panel) and 3D (upper panel) greyscale images of the tibia of a white 
woman, showing the decrease in total and cortical vBMD and the increase in 
cortical porosity between the ages of 51.1 and 54.7 years. Abbreviations: HR-pQCT, 
high-resolution peripheral quantitative CT; vBMD, volumetric bone mineral density.
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by size will obscure periosteal apposition: if there is 
indeed periosteal apposition, a different ROI will be 
measured. Thus, new approaches to image registration are 
needed. In a 2013 study, Valentinitsch et al.83 developed a 
computational trabecular clusters identification method, 
which is a new postprocessing algorithm to quantify 
microarchitecture characteristics by analysing texture 
features in HRpQCT images. This technique potentially 
can be used to find out same ROI on HRpQCT images.

Beam hardening
Beam hardening is the process of increasing the aver age 
energy level of an Xray beam by filtering out the low
energy photons. For example, if the cortex is thick, beam 
hardening will be augmented and thus the residual high
energy photon beam will be less attenuated by the adjacent 
trabecular bone than a beam that has travell ed through a 
thin cortex, thus introducing errors in the estimation of 
trabecular morphology. Therefore, it is important to use 
filters and beamhardening correction factors to take these 
potential sources of error into consideration.84

Other limitations
HRpQCT scans are limited to the distal radius and distal 
tibia. Midshaft measurements cannot be performed 
because of the design of the HRpQCT device. More over, 
owing to feasibility issues, assessment of peri articular bone 
is confined to certain predefined joint regions rather than 
assessment of the entire hand. Reproducibility errors are 
low for vBMD (0.7–1.5%), but for trabecular indices they 
are 3–5%,12,60,85 and the reproducibility of these indices 
is unknown when they are evaluated more distally or 
proximal ly to the default ROI.

Although the image acquisition time is <3 min, move
ment of the patient during scanning is common and 
results in poor quality images, particularly of the radius, 
and rescan ning is needed in ~30% of patients.86 In the 
blurred images, trabecular indices and cortical porosity 
are likely to be particularly prone to error compared with 
densito metric indices owing to the partial volume effect.86 
When performing longitudinal studies, special care must 
be applied to control patient motion,25 and in multi centre 
studies the study design has to account for variability across 
different imaging centres and phantombased m ulticentre 
precision values need to be evaluated.85

The results of interventions should be interpreted 
with caution. Mineralization of bone is a dynamic pro
cess, in which newly formed unmineralized collagen is 
mineralized progressively, only reaching full minerali
zation after 6–12 months. The more resorption is sup
pressed, the longer the time available to achieve maximal 
m ineralization—that is, secondary mineralization.87 In 
addition, in the case of strontium ranelate, the high attenu
ation caused by this agent can increase voxel density even 
in the absence of new bone formation or mineraliza tion.58 
Indeed, when corrected with parameters less influenced 
by density, using a distance transformation method, dif
ferences observed between patients treated with alen
dronate and those given strontium ranelate were not 
statistically significant.58

Technical limitations also exist in the longitudinal evalu
ation of cortical thickness. The analyses that have been 
conducted so far were limited to geometrical and micro
architectural responses to therapy, and did not address 
the issue of bone material effects. Moreover, the common 
ROI between baseline and followup scans is determined 
on the basis of crosssectional area matching, assuming 
a constant area over time. Therefore, the total areas are 
neces sarily the same when measured longitudinally. The 
increase in vBMD following the decrease in bone resorp
tion can influence edge detection, artificially increasing 
the cortical area and thickness. In fact, the increase in cor
tical BMD leading to apparent improvement in cortical 
thickness is likely to be due to filling of cortical porosity—
increasing the cortical area—because any real thickening 
is beyond the resolution of HRpQCT. This hypothesis is  
supported by Chapurlat et al.,55 who observed that the 
trabecu lar area decreased and the cortical area increased at 
the tibia in patients on ibandronate compared with those 
taking placebo, although the total area remained constant 
over time, suggesting that the greater cortical thickness 
was due to refilled endocortical porosity.

One of the limitations when using HRpQCT techniques 
to evaluate fracture healing is the low radioopacity of carti
lage that is formed at the early stages of the healing process. 
However, a 2013 paper by Hayward et al.88 reported a 
contrastenhanced CT method for providing accurate 
and nondestructive visualization of the fracture callus, 
even during the early stages of repair when little mineral
ized tissue is present. Although the evaluation of fracture 
healing might benefit from the use of contrastenhanced 
CT, this method is currently limited to animal studies.

Finally, HRpQCT is unable to provide information 
concerning material properties such as mineraltomatrix 
ratio, crystal size, collagen type and micro damage. Other 
modalities, such as synchrotron, electron micro scopy, 
nanoindentation or Fouriertransform infrared spectro
scopy, are required; however, these techniques are not 
available for in vivo studies.

Suggestions for the future of HR‑pQCT
Future developments in HRpQCT technology might 
provide additional potential for bone imaging. For 
example, improving the resolution of HRpQCT images 
will overcome limitations in accurately quantifying the 
trabecular structure, but this enhancement might be at 
the cost of exposure to higher doses of radiation. Other 
improvements to the HRpQCT system in future, such as 
shorter scanning times and the ability to scan the midshaft 
of the radius or tibia, might provide insights into cortical 
geometrical changes in growing children.

Conclusions
A wealth of data is emerging through the use of HRpQCT 
in bone and joint research, in normal and pathological 
conditions. In the field of bone, we are now starting to 
better understand the separate behaviour of the cortical 
and trabecular bone compartments during normal life, in 
patients with fractures, in other bone diseases and during 
fracture healing. In joint diseases of the hand, HRpQCT 
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will enable us to better understand the bone involvement 
in RA, PsA and hand osteoarthritis in terms of the degree 
and sequence of destruction and formation of cortical and 
trabecular bone, and to evaluate 3D cartilage volumes. In 
fracture healing, major changes in cortical and trabecular 
bone have been identified, and further studies will enable 
us to better understand these changes in relation to clini cal 
outcome during fracture healing. However, several pit falls 
remain to be overcome, to define the role of HRpQCT in 
basic clinical research and in the study of interventions  
in bone and joint diseases.
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