
In Vivo Precision of Digital Topological Skeletonization Based 
Individual Trabecula Segmentation (ITS) Analysis of Trabecular 
Microstructure at the Distal Radius and Tibia by HR-pQCT

Bin Zhoua, Zhendong Zhanga,b, Ji Wanga, Y. Eric Yua, Xiaowei Sherry Liua,c, Kyle K. 
Nishiyamad, Mishaela R. Rubind, Elizabeth Shaned, John P. Bilezikiand, and X. Edward 
Guoa,*

aBone Bioengineering Laboratory, Department of Biomedical Engineering, Columbia University, 
New York, New York, U.S.A.

bDepartment of Orthopedic Surgery, First Affiliated Hospital, School of Medicine, Shihezi 
University, Shihezi, Xinjiang, China.

cMcKay Orthopaedic Research Laboratory, Department of Orthopaedic Surgery, University of 
Pennsylvania, Philadelphia, PA, U.S.A.

dDivision of Endocrinology, Department of Medicine, Columbia University, New York, New York, 
U.S.A.

Abstract

Trabecular plate and rod microstructure plays a dominant role in the apparent mechanical 

properties of trabecular bone. With high-resolution computed tomography (CT) images, digital 

topological analysis (DTA) including skeletonization and topological classification was applied to 

transform the trabecular three-dimensional (3D) network into surface and curve skeletons. Using 

the DTA-based topological analysis and a new reconstruction/recovery scheme, individual 

trabecula segmentation (ITS) was developed to segment individual trabecular plates and rods and 

quantify the trabecular plate- and rod-related morphological parameters. High-resolution 

peripheral quantitative computed tomography (HR-pQCT) is an emerging in vivo imaging 

technique to visualize 3D bone microstructure. Based on HR-pQCT images, ITS was applied to 

various HR-pQCT datasets to examine trabecular plate- and rod-related microstructure and has 

demonstrated great potential in cross-sectional and longitudinal clinical applications. However, the 

reproducibility of ITS has not been fully determined. The aim of the current study is to quantify 

the precision errors of ITS plate-rod microstructural parameters. In addition, we utilized three 

different frequently used contour techniques to separate trabecular and cortical bone and to 

evaluate their effect on ITS measurements.
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Overall, good reproducibility was found for the standard HR-pQCT parameters with precision 

errors for volumetric BMD and bone size between 0.2%-2.0%, and trabecular bone microstructure 

between 4.9%-6.7% at the radius and tibia. High reproducibility was also achieved for ITS 

measurements using all three different contour techniques. For example, using automatic contour 

technology, low precision errors were found for plate and rod trabecular number (pTb.N, rTb.N, 

0.9% and 3.6%), plate and rod trabecular thickness (pTb.Th, rTb.Th, 0.6% and 1.7%), plate 

trabecular surface (pTb.S, 3.4%), rod trabecular length (rTb.ℓ, 0.8%), and plate-plate junction 

density (P-P Junc.D, 2.3%) at the tibia. The precision errors at the radius were similar to those at 

the tibia. In addition, precision errors were affected by the contour technique. At the tibia, 

precision error by the manual contour method was significantly different from automatic and 

standard contour methods for pTb.N, rTb.N and rTb.Th. Precision error using the manual contour 

method was also significantly different from the standard contour method for rod trabecular 

number (rTb.N), rod trabecular thickness (rTb.Th), rod-rod and plate-rod junction densities (R-R 

Junc.D and P-R Junc.D) at the tibia. At the radius, the precision error was similar between the 

three different contour methods. Image quality was also found to significantly affect the ITS 

reproducibility. We concluded that ITS parameters are highly reproducible, giving assurance that 

future cross-sectional and longitudinal clinical HR-pQCT studies are feasible in the context of 

limited sample sizes.
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1. Introduction

Three-dimensional (3D) skeletonization is an important technique for characterizing and 

quantifying complex 3D microstructures. Digital topological analysis (DTA) is a powerful 

skeletonization and classification technique that preserves microstructural topology. It was 

developed by Saha et al. and has been applied in analyzing the 3D microstructure of objects 

including human trabecular bone (Gomberg et al., 2000; Saha and Chaudhuri, 1994, 1996; 

Saha et al., 1994). Osteoporosis is a serious metabolic bone disease characterized by reduced 

bone mass, impaired trabecular bone microstructure and increased fracture risk. DTA-based 

parameters, such as the ratio of surface (plate-like) to curve (rod-like) microstructural 

elements and erosion ratio, were important in characterizing trabecular bone microstructure. 

Based on DTA-skeletonization and classification, we further developed an individual 

trabecula segmentation (ITS) technique using skeleton breakages and volume-preserving 

reconstruction/recovery, where the entire 3D trabecular bone microstructure was 

decomposed into a collection of individual trabecular plates and rods (Liu et al., 2008). ITS 

has been applied to both micro computed tomography (μCT) and clinical high-resolution 

peripheral quantitative computed tomography (HR-pQCT) images for quantification of 

trabecular bone microstructure (Liu et al., 2010a; Sutter et al., 2014; Walker et al., 2013; 

Wang et al., 2013; Zhou et al., 2014a; Zhou et al., 2014b). Independent of DXA, HR-pQCT-

based ITS measurements can distinguish among postmenopausal women with and without a 

history of fragility fracture (Liu et al., 2012). Furthermore, we have demonstrated that 
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trabecular plate differences as detected by ITS analysis primarily account for the differences 

in mechanical properties between Chinese-American and Caucasian women (Liu et al., 

2011b). Most recently, we also demonstrated that depletion of trabecular plates results in 

significantly reduced bone strength in patients with primary hyperparathyroidism (Stein et 

al., 2013).

HR-pQCT, an emerging imaging modality, demonstrates potential to quantitate bone quality 

through noninvasive 3D visualization of cortical and trabecular bone microstructure. HR-

pQCT provides quantitative measures of volumetric bone mineral density (vBMD), bone 

geometry and bone microstructural parameters (Boutroy et al., 2005). Furthermore, HR-

pQCT helps to capture the minor changes in bone microstructure that can not be observed by 

DXA (Jn et al., 2014; Nishiyama et al., 2014). Studies using HR-pQCT have demonstrated 

that changes in trabecular bone microstructure are associated with significant reductions in 

bone strength (Boutroy et al., 2008; Cohen et al., 2009; Melton et al., 2007; Yin et al., 2013). 

For example, patients with a history of fracture were found to have fewer and thinner 

trabeculae, resulting in significantly lower bone stiffness (Nishiyama et al., 2013; Sornay-

Rendu et al., 2007).

Three different segmentation methods have been adopted in the literature to separate 

trabecular bone from cortical bone for bone microstructural analysis of HR-pQCT: 1) 

automated segmentation, which uses two threshold values and a series of dilation and 

erosion operations to extract the endosteal surface of the cortex, which separates the 

trabecular bone from cortical bone (Burghardt et al., 2010; Nishiyama et al., 2010); 2) 

manual contouring through visual inspection on each slice of the 3D bone image to 

manually define the boundary between the trabecular and cortical bone (Liu et al., 2010b); 

3) standard contouring provided by the manufacturer, which separates trabecular from 

cortical bone through bone mineral density-based assumptions (Boutroy et al., 2005; Laib et 

al., 1998). It is not clear whether ITS analyzed plate/rod parameters would be affected 

differently by these three methods.

The accuracy of HR-pQCT image-based ITS measurements has been evaluated through 

comparison with high resolution micro computed tomography (μCT) images (Liu et al., 

2011a). However, to better interpret HR-pQCT-based ITS morphological parameters in 

longitudinal studies, data related to its reproducibility needs to be assessed. The objective of 

this study is to determine the precision error of HR-pQCT-based ITS analysis. In addition, 

we examined the precision errors among all three cortical-trabecular segmentation methods.

2. Materials and Methods

2.1 Individual Trabecula Segmentation (ITS)-Based Morphological Analyses of HR-pQCT 
Images

ITS was applied to the trabecular compartment to evaluate the plate/rod related 

microstructural parameters (Liu et al., 2008; Liu et al., 2006). The characterization of 

trabecular plate and rod was accomplished through digital topological analysis of the 

binarized trabecular bone image based on the theory and algorithm developed by Saha et al, 

which includes skeletonization and topological classification of the trabecular bone network 
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(Gomberg et al., 2000; Saha and Chaudhuri, 1994, 1996; Saha et al., 1994; Saha et al., 

1997). Skeletonization is an iterative erosion process where bone voxels are peeled off layer 

by layer until no further bone voxels can be removed without changing the shape of the 

trabecular microarchitecture, transforming trabecular bone into a representation composed 

of surface and curves while preserving the topology (Fig. 1). The iteration number, 

representing the depth of the layer, was recorded for each voxel at the time of its removal 

(Saha and Chaudhuri, 1994; Saha et al., 1994). After skeletonization, digital topological 

classification is applied to identify each bone voxel as surface or curve type. The method of 

topological classification was based on the number of objects, tunnels, and cavities in the 

3×3×3 neighborhood of a bone voxel after the latter’s hypothetical transformation to a 

marrow voxel (Saha and Chaudhuri, 1996). These topological characteristics of a bone voxel 

led to an unambiguous determination of its topological classes, e.g. surface, curve, edge, and 

junctions (Fig. 1B). The surface skeletons were further processed into arc skeletons (Fig. 

1C). The arc-curve or curve-curve junction points were used to split the skeleton into 

individual segments. Each segment was labeled with a unique identity number and its 

topological marker as either a trabecular rod or a plate skeleton. Then, volumetric 

reconstruction of each individual trabecular plate and rod was accomplished by an iterative 

topological marking of nonskeletal voxels starting from the skeletal voxels (Liu et al., 2006). 

During the reverse filling process, the trabecular plate and rod skeleton was dilated also in a 

layer-by-layer fashion until fully reconstructed to the original volume. On completion of the 

reconstruction process, each bone voxel was labeled as belonging to an individual trabecular 

plate or rod (Fig. 1D). Based on the complete decomposition of the trabecular bone network, 

the following parameters were evaluated: plate and rod bone volume fraction (pBV/TV and 

rBV/TV); plate and rod number density (pTb.N and rTb.N, 1/mm); axial bone volume 

fraction (aBV/TV); plate and rod trabecular thickness (pTb.Th and rTb.Th, mm); plate 

trabecular surface (pTb.S, mm2) and rod trabecular length (rTb.ℓ, mm); trabecular 

connection densities between plate-plate, plate-rod and rod-rod (P-P Junc.D, P-R Junc.D and 

R-R Junc.D, 1/mm3). A direct measure of bone volume fraction (BV/TV), voxels occupied 

by bone divided by total voxels, was also reported, as the parameter reported by HR-pQCT 

is derived rather than measured directly.

2.2 Study Population and HR-pQCT Scanning

Thirty community dwelling subjects were recruited at Columbia University Medical Center 

by advertisement, self-referral or physician referral (age 45±14 years, 7 male/23 female). All 

subjects provided written informed consent, and the Institutional Review Boards of 

Columbia University Medical Center approved this study. HR-pQCT scans were performed 

twice within a 48-hour interval. The non-dominant forearm and corresponding distal tibia 

were scanned by HR-pQCT (XtremeCT, Scanco Medical, Brüttisellen, Switzerland). The 

HR-pQCT measurement included 110 slices, corresponding to a 9.02 mm section along the 

axial direction, with an isotropic voxel size of 82 μm. Quality control was provided by 

scanning the European Forearm Phantom at the time subjects were scanned. The mineralized 

phase was thresholded according to the standard patient evaluation protocol (Laib et al., 

1998).
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To segment the trabecular compartment from the whole bone image and prepare for ITS 

analysis, three frequently used segmentation methods were applied to investigate their 

influence on ITS reproducibility. An automatic segmentation algorithm (auto contour) 

implemented in Image Processing Language (IPL V5.07, Scanco Medical, Switzerland) was 

used to automatically segment the trabecular bone from whole bone (Fig. 2A). Manual 

contouring was performed based on the thresholded image after the standard HR-pQCT 

evaluation, by visual inspections to manually define the boundary (manual contour) 

separating the trabecular and cortical bone, which is considered the gold-standard method 

(Fig. 2B). For the third method (standard), based on the standard HR-pQCT segmentation 

technique, the entire bone region was automatically separated into cortical and trabecular 

compartments using a threshold-based algorithm (Fig. 2C). The resulting trabecular bone 

volumes from auto, manual and standard cortical-trabecular segmentation techniques are 

shown in Figures 2D, E, and F, respectively.

To examine the effect of image quality on ITS measurements, each scan was given a grade 

based on inspection of three slices (distal, middle and proximal). Five different grades from 

1 (no motion artifact) to 5 (severe motion artifact) were used to quantify the image quality 

according to the manufacturer’s recommendations. Three trained technicians carried out the 

image grading and a consensus grade would be determined if the grades were different 

between graders. The scans were then categorized into two image quality groups to examine 

their effect: grade 1 group (G1) includes subjects for whom both scans were given grade 1. 

Those whose scans received a grade of 2, 3, or 4 were categorized as G2-4. No scan was 

characterized as grade 5.

2.3 Statistical Analysis

Mean and standard deviation were used to characterize the ITS parameters from two scan 

time points for both the radius and tibia. The HR-pQCT and ITS precision errors were 

calculated as root mean square coefficient of variation (RMSCV) for pooled data and for 

data categorized with different motion grade levels, respectively (Gluer et al., 1995). Student 

t-test was used to examine the precision error difference between different grade levels. 

Repeated analysis of variance (ANOVA) was performed to examine the precision error 

difference between the three contour methods (NCSS 2007, NCSS Statistical Software, 

Kaysville, UT, USA). In order to quantify the changes detectable in longitudinal studies, 

least significant detectable change was also calculated based on following the formula 

(Shepherd and Lu, 2007): LSC = 2.77 × precision error

3. Results

The mean percentage of the common region between first and follow up scans was 95% for 

the tibia and 90% for the radius. The average follow up scan occurred within 24 hours after 

the first scan. The scans at the tibia had better image quality than the radius, with 22 subjects 

categorized as grade 1 and the remaining 8 as grade 2 or 3. There were no subjects who were 

scored grade 4. The radius was more prone to be influenced by motion artifact as evidenced 

by 7 subjects who were categorized as grade 1, 19 subjects as grade 2 or 3 and 5 subjects 

categorized as grade 4.
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The precision errors for standard HR-pQCT evaluated parameters are shown in Table 1. In 

general, all HR-pQCT measurements were highly reproducible. The precision error for 

volumetric bone mineral density and bone area was less than 2% at the radius and tibia. 

Trabecular bone microstructural parameters had relatively higher precision errors ranging 

between 4.9% and 6.7%. The mean and standard deviation for ITS measured plate- and rod-

related parameters are shown in Table 2 with the three different contour techniques. 

Significant differences existed for ITS parameters using the three techniques. At the tibia, 

the plate and rod trabecular number (pTb.N and rTb.N), rod trabecular thickness (rTb.Th), 

plate-plate and rod-rod junction density (P-P and R-R Junc.D) using the automatic contour 

method were all significantly higher than the other two methods (p<0.05). At the radius, the 

differences were similar to the tibia, with plate and rod bone volume fraction (pBV/TV and 

rBV/TV) also significantly higher in ITS evaluations using the automatic contour method 

(p<0.05).

The precision errors for ITS evaluations are shown in Table 3 with data pooled together and 

further categorized as grade 1 (G1) and grades 2, 3 or 4 (G2-4) for the three contour 

methods. Overall the data were highly reproducible, with most precision errors less than 7%. 

pTb.N, pTb.Th, rTb.Th and rTb.ℓ had lower precision errors than the rest of the ITS 

parameters, with the precision error less than 2% at the radius and tibia. Rod-rod junction 

density (R-R Junc.D) had the highest precision error (>10%). At the tibia, the precision 

errors of rTb.N and rTb.Th were slightly higher in the manual contour group than the 

automatic contour and standard contour group (p<0.05). In addition, P-R and R-R junction 

densities were also found to be significantly higher in the manual contour group than the 

standard contour group. At the radius, there were no differences found between the three 

different contour groups. The ITS reproducibility was greatly affected by the image quality 

grade. Significant differences between G1 and G2-4 groups were found for most ITS 

parameters at the tibia using all three contour methods. At the radius, G1 and G2-4 groups 

were also found to be significantly different in the manual contour group. The least 

significant changes for both the radius and tibia are shown in Table 4. In accordance with the 

precision error, the minimum change that can be detectable between two scans was lowest in 

plate and rod trabecular thickness and highest in rod-rod junction density.

4. Discussion

ITS has been shown to be an effective morphological evaluation technique that provides 

independent measurements of trabecular plate- and rod-related microstructural parameters. 

ITS has demonstrated its great potential in clinical studies to evaluate disease and treatment-

related bone microstructural changes (Liu et al., 2010a; Liu et al., 2012; Liu et al., 2011b; 

Nishiyama et al., 2014; Yin et al., 2013; Zhou et al., 2014b). In this study, we quantified the 

precision errors of ITS using HR-pQCT scans of 30 subjects at the distal radius and tibia. 

Based on the skeletonization and topological classification of the trabecular 3D 

microstructure, the trabecular network was completely decomposed into individual 

trabecular plate and rod elements. We determined the reproducibility of HR-pQCT based 

ITS measurements with three different segmentation methods. The influence of image 

quality on the ITS reproducibility was also examined. This precision study provides 

important reference data for future cross-sectional and longitudinal HR-pQCT studies.
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Trabecular microstructure derived by standard HR-pQCT evaluations are model dependent 

parameters with the trabecular number as the only independently calculated parameter, 

whereas other trabecular microstructural parameters such as trabecular separation and 

trabecular thickness are derived from trabecular number (Boutroy et al., 2005). In contrast, 

ITS calculates trabecular plate and rod related parameters independently, such as the plate 

and rod thickness, plate and rod number, plate surface and rod length, providing more 

detailed evaluations of bone microstructure.

The precision errors of the standard HR-pQCT measurements in our study are comparable to 

previous reports. Engelke et al. evaluated HR-pQCT short-term in vivo reproducibility and 

reported 6.24% and 5.94% precision errors for Tb.N and Tb.Th (Engelke et al., 2012). In 

addition, after excluding images with motion artifacts, MacNeil et al. reported 3.6% and 

3.41% precision errors for Tb.N and Tb.Th at the distal radius and similar precision errors at 

the tibia assessed by standard HR-pQCT analyses (MacNeil and Boyd, 2008). The ITS 

precision errors in current study are comparable to the traditional parameters by standard 

HR-pQCT evaluations, for example, precision errors for pTb.N and pTb.Th at the tibia were 

1.53% and 0.22%. The small ITS precision errors resulted in minor least significant 

detectable changes, with the detectable changes for plate trabecular thickness, rod trabecular 

thickness, rod trabecular length less than 15 μm, which is less than half of the HR-pQCT 

voxel size.

The precision errors varied among ITS parameters, with plate and rod trabecular thickness, 

plate trabecular surface and rod trabecular length smaller than other parameters. The least 

significant detectable changes provide boundaries to quantify the trabecular microstructural 

differences using ITS. For example, with ITS analysis, we observed the absolute difference 

between Chinese-American and Caucasian women was 0.22 (1/mm) for trabecular plate 

number and 0.02 (mm) for trabecular plate thickness at the radius (Liu et al., 2011b), which 

were significantly higher than the detectable changes suggested in this study.

In this study, we determined the reproducibility of ITS parameters with different 

segmentation techniques. We found that the ITS results varied using different segmentation 

techniques, especially for plate and rod trabecular number. The difference can be close to 

2% for plate trabecular number and 0.8% for rod trabecular number when comparing the 

manual contour group to the automatic contour group. The result suggests that one single 

contour method should be used consistently within a cross-sectional study or longitudinal 

study, and that a mix of contour methods could introduce significant errors. In this study, we 

also examined the influence of motion artifacts on the ITS precision errors. The results 

showed that there was a significant motion effect on the ITS reproducibility. The precision 

error can be doubled due to motion artifacts, highlighting the importance of minimizing the 

motion in the scanning process in future clinical studies. Compared with the precision errors 

at the tibia, the radius was found to have higher precision errors. This is primarily due to the 

higher motion artifact observed in radius scans. The number of radius scans was close to 3 

times the number of tibia scans that were categorized as quality grade 2, 3 or 4. In addition, 

most tibia scans were categorized as grade 2, while half of the radius scans were categorized 

as grade 3 or 4.
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In conclusion, ITS analysis shows high reproducibility for evaluating trabecular bone 

microstructure based on HR-pQCT scans. The influence of different contour techniques and 

motion artifacts on ITS precision errors was also quantified. This study provides guidelines 

for the application of ITS in cross-sectional and longitudinal studies to better understand 

trabecular microstructural changes.
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Figure 1. 
Illustration of the digital topological skeletonization and classification based complete 

volumetric decomposition of human trabecular bone. (A) An original trabecular bone image 

from proximal tibia. (B) Skeletonization and topological classification of trabecular bone. 

(C) Arc thinning and plate topological classification, (D) Complete reconstruction of 

trabecular bone, with different color represents individual trabecular.
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Figure 2. 
Demonstration of the contouring techniques used to separate trabecular bone from cortical 

bone, contours in green. (A) Contours using automatic contouring method. (B) Contours 

generated manually. (C) Contours generating based on the standard segmentation. (D-F) The 

corresponding trabecular plate and rod related microstructure by ITS based on the 

contouring methods in (A-C). Red represents trabecular rod and green represents trabecular 

plate. Arrow indicates the differences compared to the other two images.
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Table 1

Root mean square coefficient of variance (RMSCV%) of the standard HR-pQCT measurements

Average common region
Tibia Radius

95% 90%

Cortical area (mm2) 1.2 2.0

Trabecular area (mm2) 0.2 0.56

Average BMD (mgHA/cm3) 1.2 1.2

Cortical BMD (mgHA/cm3) 0.9 1.26

Cortical thickness (mm) 1.3 2.45

Trabecular BMD (mgHA/cm3) 1.3 1.56

Trabecular number (1/mm) 5.3 6.5

Trabecular thickness (mm) 4.9 6

Trabecular separation (mm) 5.4 6.7
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Table 2

Summary of quantitative ITS measures for radius and tibia. S1 represent first scan, S2 represent the following 

scan.

Auto Contour
S1

Auto Contour
S2 Manual S1 Manual S2 Standard S1 Standard S2

Tibia

BV/TV 0.309±0.053 0.31±0.052 0.305±0.055 0.306±0.054 0.286±0.047*,† 0.286±0.047*,†

pBV/TV 0.136±0.054 0.138±0.057 0.133±0.056 0.135±0.058 0.118±0.045*,† 0.119±0.045*,†

rBV/TV 0.173±0.045 0.171±0.045 0.172±0.045 0.17±0.045 0.168±0.044*,† 0.167±0.043*,†

aBV/TV 0.128±0.038 0.13±0.04 0.127±0.04 0.129±0.041 0.114±0.032*,† 0.115±0.032*,†

pBV/BV 0.436±0.131 0.44±0.131 0.429±0.134 0.435±0.134 0.409±0.125*,† 0.413±0.124*,†

rBV/BV 0.564±0.131 0.56±0.131 0.571±0.134 0.565±0.134 0.591±0.125*,† 0.587±0.124*,†

pTb.N (1/mm) 1.531±0.151 1.534±0.149 1.513±0.161* 1.517±0.156* 1.512±0.154* 1.516±0.153*

rTb.N (1/mm) 1.903±0.216 1.894±0.214 1.888±0.222* 1.878±0.22* 1.915±0.207*,† 1.907±0.201*,†

pTb.Th (mm) 0.222±0.01 0.222±0.011 0.222±0.011 0.222±0.011 0.212±0.008*,† 0.212±0.008*,†

rTb.Th (mm) 0.212±0.006 0.213±0.007 0.214±0.007* 0.215±0.007* 0.208±0.006*,† 0.208±0.007*,†

pTb.S (mm2) 0.162±0.021 0.163±0.021 0.163±0.021 0.164±0.021 0.153±0.016*,† 0.153±0.015*,†

rTb.ℓ (mm) 0.644±0.027 0.643±0.025 0.645±0.028 0.644±0.027 0.639±0.025*,† 0.638±0.024*,†

R-R Junc.D (1/mm3) 3.098±1.284 3.049±1.311 3.043±1.297* 2.993±1.321* 3.174±1.238*,† 3.122±1.248*,†

R-P Junc.D (1/mm3) 4.496±1.099 4.455±1.015 4.365±1.122 4.329±1.034* 4.522±1.139*,† 4.49±1.028†

P-P Junc.D (1/mm3) 2.388±0.602 2.398±0.586 2.318±0.629* 2.33±0.603* 2.326±0.6* 2.344±0.592*

Radius

BV/TV 0.282±0.071 0.284±0.072 0.275±0.074* 0.277±0.076* 0.258±0.068*,† 0.259±0.068*,†

pBV/TV 0.098±0.051 0.097±0.054 0.093±0.053* 0.092±0.056* 0.084±0.045*,† 0.083±0.047*,†

rBV/TV 0.185±0.041 0.188±0.044 0.182±0.042* 0.184±0.046* 0.174±0.041*,† 0.177±0.043*,†

aBV/TV 0.103±0.04 0.101±0.042 0.101±0.041 0.1±0.044 0.092±0.036*,† 0.09±0.037*,†

pBV/BV 0.329±0.117 0.322±0.124 0.319±0.122* 0.313±0.131* 0.307±0.116*,† 0.301±0.121*,†

rBV/BV 0.671±0.117 0.678±0.124 0.681±0.122* 0.687±0.131* 0.693±0.116*,† 0.699±0.121*,†

pTb.N (1/mm) 1.397±0.233 1.392±0.24 1.359±0.254* 1.35±0.268* 1.349±0.246*,† 1.344±0.252*

rTb.N (1/mm) 1.944±0.185 1.968±0.19 1.906±0.202* 1.922±0.216* 1.932±0.191*,† 1.953±0.194†

pTb.Th (mm) 0.213±0.009 0.212±0.01 0.214±0.01 0.214±0.009 0.207±0.008*,† 0.206±0.007*,†

rTb.Th (mm) 0.212±0.008 0.209±0.007 0.216±0.009* 0.215±0.008* 0.208±0.009*,† 0.206±0.008*,†

pTb.S (mm2) 0.152±0.012 0.151±0.013 0.154±0.013* 0.154±0.013* 0.147±0.011*,† 0.146±0.011*,†

rTb.ℓ (mm) 0.648±0.034 0.646±0.033 0.656±0.041* 0.654±0.043* 0.645±0.034† 0.643±0.034†

R-R Junc.D (1/mm3) 3.424±1.09 3.56±1.113 3.273±1.122* 3.369±1.171* 3.381±1.082† 3.504±1.086†
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Auto Contour
S1

Auto Contour
S2 Manual S1 Manual S2 Standard S1 Standard S2

R-P Junc.D (1/mm3) 4.058±1.461 4.104±1.507 3.8±1.534* 3.812±1.588* 3.842±1.518* 3.889±1.537*

P-P Junc.D (1/mm3) 1.953±0.807 1.959±0.834 1.826±0.84* 1.826±0.875* 1.803±0.795* 1.807±0.818*

*
indicates significant difference from the measurements using the auto contour method;

†
indicates significant difference from the manual contour method for the corresponding scans.
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Table 3

RMSCV% of ITS parameters for radius and tibia, sub-categorized by image quality. G1 is the group with 

grade 1 quality for both scans, G2-4 is the group contains at least one scan categorized as quality grade 2, 3 or 

4.

Auto contour Manual Standard

Tibia

Overall G1 G2-4 Overall G1 G2-4 Overall G1 G2-4

BV/TV 1.7 1.3* 2.5 1.9 1.4* 2.7 1.8 1.3* 2.8

pBV/TV 5.2 3.7* 7.6 5.4 3.9* 7.7 5.5 3.7* 8.3

rBV/TV 7.9 4.7* 12.4 8 4.8* 12.7 7.6 4.7* 12

aBV/TV 5.6 3.8* 8.4 5.7 4* 8.5 5.6 3.9* 8.3

pBV/BV 6.5 4.4* 9.8 6.6 4.4* 10.1 7 4.5* 10.7

rBV/BV 6.5 3.8* 10.2 6.5 3.9* 10.3 6.1 3.7* 9.5

pTb.N 0.9 0.9 1 1† 1 1.1 1 0.9 1.1

rTb.N 3.6 2.4* 5.6 3.8† 2.5* 5.8 3.5†† 2.3* 5.4

pTb.Th 0.6 0.5 0.8 0.6 0.5* 0.8 0.7 0.4* 1.1

rTb.Th 1.7 1.4 2.2 1.8† 1.5 2.4 1.6†† 1.3 2

pTb.S 3.4 2.1* 5.2 3.4 2.2* 5.3 3.1 2.1* 4.7

rTb.ℓ 0.8 0.4* 1.2 0.8 0.5* 1.2 0.8 0.4* 1.3

R-R Junc.D 13.4 8.4* 20.9 13.9 8.6* 21.8 12.8†† 8.1* 19.9

R-P Junc.D 5.9 4* 8.8 6.1 4.3* 9 5.6†† 4.1* 8

P-P Junc.D 2.3 2.3 2.4 2.6 2.6 2.7 2.4 2.5 2.1

Radius

BV/TV 2.1 2.1 2.1 2.7 1 3 2.7 2.6 3.1

pBV/TV 9 4.2 10 10.2 4.3 11.4 9.2 4.9 10.1

rBV/TV 7.3 5 7.8 7.1 2.1* 8 7.1 5.6 7.5

aBV/TV 8.3 4.8 9.2 8.1 2.1* 9.2 7.4 6.6 7.7

pBV/BV 9.7 5.2 10.7 10.1 4.1* 11.3 10 6.3 10.9

rBV/BV 6.2 3.2 6.9 6.1 1.8 6.9 5.5 3.1 6.1

pTb.N 2.3 0.9 2.6 3.1 1.3 3.5 2.6 2 2.8

rTb.N 3.5 3.2 3.6 3.4 1.5 3.8 3.6 3.5 4

pTb.Th 1.2 0.9 1.3 1.5 0.4* 1.7 1.6 1.7 1.6

rTb.Th 2 1.8 2.5 2 1.4 2.1 2.4 2* 3.5

pTb.S 3.1 2.4 3.3 3 1* 3.4 3 2.6 3.1

rTb.ℓ 0.9 0.5 1 0.9 0.8 0.9 1 0.9 1.1

R-R Junc.D 12.3 10.3 12.8 11.7 4.4 13.1 12.2 11.9 12.3
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Auto contour Manual Standard

R-P Junc.D 6.4 5.9 6.6 7.4 2.6* 8.4 7.7 8.7 7.4

P-P Junc.D 5.8 2.9 6.5 7.7 3.8 8.6 7.1 6.2 7.3

*
indicates significant difference from G2-4 group (p<0.05) within each group;

†
indicates significant difference from the auto contour method (p<0.05),

††
indicates significant difference from the manual contour method (p<0.05).
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Table 4

Least significant detectable change for quantitative ITS measures.

Tibia Radius

Auto Manual Standard Auto Manual Standard

BV/TV 0.015 0.016 0.015 0.016 0.021 0.019

pBV/TV 0.02 0.02 0.018 0.024 0.026 0.021

rBV/TV 0.038 0.038 0.036 0.037 0.036 0.034

aBV/TV 0.02 0.02 0.018 0.024 0.023 0.019

pBV/BV 0.079 0.079 0.079 0.088 0.089 0.085

rBV/BV 0.101 0.103 0.1 0.116 0.115 0.107

pTb.N 0.039 0.043† 0.041 0.09 0.117 0.099

rTb.N 0.192 0.199† 0.188†† 0.191 0.18 0.195

pTb.Th 0.004 0.004 0.004 0.007 0.009 0.009

rTb.Th 0.01 0.011† 0.009†† 0.012 0.012 0.014

pTb.S 0.015 0.015 0.013 0.013 0.013 0.012

rTb.ℓ 0.013 0.014 0.014 0.016 0.016 0.018

R-R Junc.D 1.151 1.175 1.13†† 1.164 1.059 1.145

R-P Junc.D 0.729 0.736 0.697†† 0.721 0.782 0.821

P-P Junc.D 0.153 0.17 0.153 0.316 0.391 0.352

†
indicates significant difference from the auto contour method (p<0.05),

††
indicates significant difference from the manual contour method for overall data (p<0.05).
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