
Resolution Dependence of the Non-metric Trabecular Structure
Indices

Miki Sode1,2, Andrew J. Burghardt2, Robert A. Nissenson3, and Sharmila Majumdar1,2

1Joint Graduate Group in Bioengineering, University of California at San Francisco and Berkeley, San
Francisco and Berkeley, California, USA

2Musculoskeletal Quantitative Imaging Research Group, Department of Radiology, University of California
at San Francisco, San Francisco, California, USA

3Endocrine Research Unit, Veterans Affairs Medical Center, and Department of Medicine, University of
California, San Francisco, California, USA

Abstract
Non-metric indices of topological features of trabecular bone structure, such as structure model index
(SMI), connectivity density (Conn.D), and degree of anisotropy (DA), provide unique information
relevant to bone quality. With recent technological advancement, in vivo assessment of these indices
may be possible from images acquired using high-resolution imaging techniques such as high-
resolution peripheral quantitative computed tomography (HR-pQCT). However, more detailed
investigation of the dependence of non-metric indices on spatial resolution is needed to determine
their applicability.

The purpose of this study was to determine whether these three non-metric indices are affected by
the spatial resolution of CT images. First, the SMI, Conn.D, and DA were calculated for trabecular
bone specimens with varying plate-like and rod-like structures from resampled μCT images across
a range of spatial resolutions and compared to the reference values. To account for differences in
size across different species and anatomical sites, the results are reported in normalized resolution
units. Next, the impact of resolution on the non-metric indices for cores of human distal tibia
trabecular bone from clinical HR-pQCT images was evaluated to determine the applicability of the
non-metric indices to in vivo imaging.

We found that the non-metric indices of trabecular bone structure were affected by spatial resolution
of CT images. Particularly, the SMI deviated from the high-resolution μCT reference value depending
on the structure type, whether plate-like or rod-like. Both Conn.D and DA were underestimated in
the images obtained at an in vivo resolution. It is not trivial to determine absolute threshold for validity
of these non-metric indices without considering a specific study design (e.g. relative resolution, the
size of the treatment effect to detect, and specimen type). The results of this study provide an upper
bound for the accuracy of the non-metric indices under limited resolution scenarios.
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INTRODUCTION
Characterization of trabecular bone quantity and quality has received considerable attention
due to its sensitivity to stimuli, including hormonal (8,31), mechanical (12), and therapeutic
(3,30) effects. Trabecular bone structure is one feature of bone quality that is known to affect
bone strength, and its quantification has become an important area of research. With technical
advances in imaging and image processing, this field has grown and both ex vivo and in vivo
imaging studies have become a standard part of skeletal characterization for phenotyping (2,
17), assessing skeletal status (1,15), and monitoring therapy (3,30).

A variety of structural indices have been introduced to quantitatively characterize the geometric
properties of trabecular bone. These include volume and surface fraction (BV/TV and BS/BV)
and metrics such as trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular
spacing (Tb.Sp). Additional, non-metric indices such as structure model index (SMI),
connectivity density (Conn.D), and degree of anisotropy (DA) have been introduced to describe
topological features of bone microstructure. Their predictive powers for mechanical strength
of trabecular bone has been demonstrated (14,22,23), providing unique information relevant
to bone quality. SMI, which is derived from surface convexity, has been proposed as feature
by which to classify trabecular bone structure type -- specifically, the degree to which the
structural elements resemble plate-like or rod-like geometries. A rod-like trabecular bone
structure is characteristic of osteoporotic patients (11) and is strongly correlated with bone
strength (23). The degree of trabecular connectivity, measured by Conn.D, also provides
valuable information, since loss of connectivity has substantial impact on structural integrity
and results in elevated fracture risk (4,9,27). DA is a measure of directional variation of a
structure, calculated from a ratio of maximum to minimum eigenvalues of the mean intercept
length tensor (7,10,26). Though not directly correlated with the mechanical properties of bone,
DA provides insight into the directional dependence of bone strength (4,10). With age,
trabecular bone is known to become more rod-like (6), with connectivity being lost by
disruption of thin horizontal trabeculae, and increasingly anisotropic (24).

The recent advancement in non-invasive imaging techniques, such as high-resolution magnetic
resonance imaging (HR-MRI) and peripheral quantitative computed tomography (HR-pQCT),
allows in vivo assessment of trabecular bone structure indices. Three-dimensional trabecular
bone structure indices, and especially the non-metric indices described above, have been
routinely assessed ex vivo, from images obtained by micro-computed tomography (μCT).
Assessment of trabecular microstructure has been attempted using multi-detector-row
computed tomography at an in-plane resolution of 250 μm and a slice thickness of 500 μm
(13). With the emergence of HR-MRI and HR-pQCT, in vivo nominal resolutions of
approximately 150 μm in-plane with a 400-μm slice thickness and an 82-μm isotropic voxel
size, can be achieved, respectively. At these resolutions, however, the average human
trabeculae only spans 1 - 2 voxels in diameter, giving rise to significant partial volume effects
that confound the thresholding process and limit the accuracy of structural indices. While the
resolution dependence of conventional structure indices such as BV/TV, Tb.Th, Tb.N, and
Tb.Sp has previously been investigated for different modalities (18,20,25,29), resolution
effects for non-metric indices, such as SMI, Conn.D, and DA have not been rigorously
evaluated. A more detailed investigation on resolution dependence of non-metric indices is
needed to determine their applicability to in vivo imaging of trabecular bone structure.

The goal of this study is to determine whether three non-metric indices, namely SMI, Conn.D
and DA of a trabecular bone structure are affected by the spatial resolution of CT images. To
answer this question, three non-metric indices were calculated for specimens with varying
plate-like and rod-like structures and sizes from resampled μCT images across a range of spatial
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resolutions. To determine the applicability of these non-metric indices for trabecular bone
structure to the in vivo imaging, the impact of resolution on three non-metric indices was also
evaluated for the clinical HR-pQCT images by comparing against the μCT reference
measurements.

MATERIALS AND METHODS
Simulations

To determine whether the non-metric indices of a trabecular bone are affected by the spatial
resolution of CT images, the values calculated for specimens with varying plate-like and rod-
like structures from resampled μCT images at a range of spatial resolution were compared to
the reference values.

Specimens—To represent various trabecular structure sizes and types (i.e. spanning rod,
plate, and mixed structures), the following four specimen groups were used in the simulation
part of this study: bovine proximal femur and tibia, human radius, and murine proximal tibia.
Seven bovine proximal femur cores and eight bovine proximal tibia cores, 8 mm in diameter
and 10 mm in length, were obtained. The cores were repeatedly sonicated (Branson 2510,
Branson Ultrasonic Corporation, Denbury, CT, USA) in a mild detergent (10% Terg-A-Zyme
solution, Aclonox, White Plains, NY, USA) bath for defatting prior to immersion in water in
preparation for imaging. Fifteen human radius cubes with a side length of 12 mm were extracted
from fifteen cadavers (eight males and seven females, aged 72.8 ± 10.8 years), 10 mm proximal
to the distal endplate. The cubes were fixed with marrow intact for imaging. Left tibiae (n =
14) from 12-week old mice were isolated and cleaned of adherent tissue. The bones were then
defatted by sequential extraction in ethanol and diethyl ether using a Soxhlet apparatus and
dried overnight at 90°C.

Micro-computed tomography Acquisition—The bovine proximal femur and bovine
proximal tibia specimens were imaged with an isotropic voxel size of 16 μm in a commercial
micro-tomography system (μCT 40, Scanco Medical AG, Bassersdorf, Switzerland). The
following settings were used for acquisition: source voltage 55 kVp, tube current 144 μA, and
matrix size of 1024 × 1024. The human radius and murine tibia were imaged in a μCT 20
(Scanco MedicalAG) system at voxel sizes of 34 μm and 9 μm respectively. Acquisition was
performed as described previously (19).

Analysis—For structural evaluation purposes, volumes of interest comprising trabecular
bone were manually identified for each specimen. A central 5.12 mm cubic section for both
bovine femur and tibia cores and an 8.8 mm cubic section for the human radius cubes were
extracted from the center of each volume. The full trabecular compartment of murine tibia,
defined by semi-automatically drawn contours at the endocortical boundary was used, spanning
1 mm distally from the growth plate. All subsequent image-processing steps were conducted
using Image Processing Language (IPL, Scanco Medical AG) on a dual-Alpha OpenVMS
workstation (DS20E, Hewlett Packard Inc.).

To examine the effect of voxel size on SMI, Conn.D, and DA, the original grayscale images
were resampled isotropically to a range of lower voxels: Human radii were resampled to
isotropic voxel sizes of 34, 59, 82 and 153 μm; murine tibiae to voxel sizes of 18, 27, 36, 54
and 72 μm; and both bovine proximal femur and tibia cores to voxel sizes of 16, 34, 82, 153
μm. Representative three-dimensional images and grayscale cross-sectional images of each
specimen type are shown in Figure 1 at their original resolutions and at the corresponding
lowest tested resolution. The nominal resolutions of 82 μm and 153 μm are comparable to the
in vivo in-plane resolutions of HR-pQCT imaging and clinical magnetic resonance imaging,
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respectively. Similarly, 72 μm is comparable to the low-end resolution mode for common in
vivo small animal μCT.

A fixed global threshold was used to segment the bone phase prior to the structure indices
calculations. A grayscale value was visually selected, so that the resulting binary image best
represented the original grayscale image. This process was done on each sample group and at
each resampled voxel size.

The non-metric indices and Tb.Th were obtained from the resulting binary images generated
at each resampled voxel size. As described by Hildebrand and Rueggsegger (11), the SMI
values were calculated from the tetrahedrons enclosed in the triangulated surface representation
of the volume data. The distance transformation method, where maximal spheres are filled into
the object of interest, was applied to obtain Tb.Th, Conn.D was calculated using the Conn-
Euler method as described in Odgaard et al (27) and DA was calculated as the ratio of the minor
and major principal components of the mean intercept length ellipsoid determined using a
projected surface method (7).

The non-metric indices obtained from the images reconstructed at the original voxel size were
taken as the reference values and listed in Table 1. The values obtained from the resampled
images were compared to these reference values to evaluate the effect of resolution on the non-
metric indices calculation. To account for differences in trabecular thickness across different
species and anatomical sites, the nominal resolution was normalized by the reference Tb.Th,
the group average value calculated at the reference resolution of each sample (Table 1). This
relative resolution is a measure of number of pixels assigned to an average trabecula. All results
are presented in term of this relative resolution.

HR-pQCT Protocols
To determine the applicability of the non-metric indices for trabecular bone structure to in
vivo imaging, the non-metric indices were calculated for trabecular bone cores of human distal
tibia from the images obtained using HR-pQCT and compared to μCT reference measurements.

Specimens—Sixteen trabecular bone cores (10 mm in diameter, 15 mm in length) were
obtained from the distal tibiae of 5 human donors post mortem (three males and two females,
aged 62.6 ± 10.4 years). The tissue was acquired from a national tissue bank (National Disease
Research Interchange, Philadelphia, PA). The cores were extracted approximately 10 mm away
from the joint line, defatted and immersed in distilled water, as described above, prior to HR-
pQCT and μCT imaging.

Micro-computed tomography and HR-pQCT acquisition—The human distal tibia
core specimens were imaged by μCT at 16 μm resolution as described above for the bovine
samples. Additionally, the samples were imaged with a clinical HR-pQCT system (XtremeCT,
Scanco Medical AG, Bassersdorf, Switzerland) using the standard in vivo protocol described
in previous patient studies (1,15). In short, the x-ray source potential was 60 kVp with a current
of 900 μA. A 2D 3072 × 256 element CCD detector was used to acquire 750 projections at a
100 ms integration time per rotation. The 12.6 mm field of view was reconstructed across a
1536 × 1536 matrix, yielding 82 μm voxels. The full length of each core was covered by the
automatic acquisition of two adjacent image stacks, spanning 9.05 mm each.

Analysis—A concentric cylindrical volume of interest with an 8 mm diameter was manually
defined for each distal tibia core sample. Representative grayscale images of human distal tibia
core are shown in Figure 2 at 16 μm using μCT and at 82 μm using HR-pQCT. The original
grayscale μCT images of human distal tibiae were processed in the following manner: noise
was reduced by applying Gaussian filter (σ = 1.0, support = 1) and the image was binarized
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using a visually selected, fixed global threshold described previously. Since resampling
effectively removes high frequency noise, a smoothing step was not performed for the
resampled images prior to discretization. The resulting images were then binarized in the same
manner as described for the 16μm images. Calculation of the structural indices in HR-pQCT
was based on the segmentation scheme provided by the manufacturer for in vivo analyses. A
Laplace-Hamming filter was applied to the original grayscale images to provide smoothing
and edge enhancement. Next, the smoothed image was normalized to a fixed maximum
intensity. Finally, a fixed global threshold was used to extract the bone phase in the same
manner. The SMI, Conn.D, and DA were calculated from the binary images for each of the
previous cases.

Statistical Analysis—In the simulation study, the significance of differences in the SMI,
Conn.D, and DA for each specimen with respect to the relative resolution was tested by a
single-factor repeated measure analysis of variance. If significance is found, then a paired t-
test was applied to isolate the significant differences against the reference value. In addition,
the coefficient of determination (r2) between values obtained at each resampled resolution and
at the reference relative resolution was calculated to measure the degree of agreement. In the
HR-pQCT protocol study, the non-metric indices for human distal tibia cores obtained from
the HR-pQCT images and the μCT images resampled at 82 μm were both compared to the
reference values. A regression analysis was performed and the linear equations and coefficients
of determination (r2) were obtained for each case. The significance in difference was tested
using a paired t-test with α = 0.05. For the SMI, a Bland-Altman plot was assessed for
qualitative comparison against the values obtained at the reference resolution.

RESULTS
Simulations

Among the four specimen types, human radius cubes had the most rod-like trabecular structure
while the bovine proximal femora had the most plate-like trabecular structure. The bovine
bones (both tibiae and femora) and the human tibiae were similar in trabecular thickness; the
murine tibiae were roughly one-third the size of the other specimens. As is evident in
representative grayscale images in Figure 1, at a low resolution, the details of the trabecular
structures are lost and the images are highly pixelated.

The SMI increasingly deviated from the reference values in response to decreased relative
resolution (Figure 3a); however, the degrees varied depending on a structure type. More rod-
like structures among the tested specimens, human distal radii and murine tibiae became
significantly different (p < 0.001) from the corresponding reference values at around 3 pixels/
Tb.Th (Figure 3a). For example, at 6.1 pixels/Tb.Th, the SMI of the murine tibiae was 1.3 on
average (Table 1), meaning a mixture of plate-like and rod-like structures. However, as the
relative resolution degraded down to 0.8 pixel/Tb.Th, its SMI became 2.4, a more rod-like
structure (Figure 3a). At this low relative resolution, the details were lost and the trabecular
structure became more like clusters (Figure 1). Consequently the r2 value for the murine tibiae
dropped to 0.76 (Figure 3b).

RMANOVA and paired t-tests revealed significant decreases in Conn.D with a decrease in
relative resolution for all tested specimens (all p < 0.001) (Figure 3c). The degree of decrease
in Conn.D varied from 28% (bovine tibiae) to 76% (murine tibiae) depending on specimen
type. The correlations to the reference values, decreased dramatically for bovine proximal
femur and murine tibia as the relative resolution decreased (Figure 3d).

The observed deviations of DA from the reference values ranged up to -11% (murinetibiae)
(Figure 3e). The correlations to the reference values started weakening at a notably higher
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relative resolution than SMI (Figure 3f). For instance, although no significant deviation from
the reference value was detected for murine tibiae (Figure 3e), the correlation to the reference
value dropped dramatically down to r2 = 0.01 (Figure 3f).

HR-pQCT Protocols
The non-metric indices for trabecular bone cores of human distal tibia calculated from the
images at 82 μm correlated well (r2 > 0.75) with the reference values obtained from the μCT
images at 16 μm, whether images were resampled from the μCT images or acquired using HR-
pQCT (Table 2). However, the errors in absolute values were observed (Figure 4 a-c and Table
2). As observed in the simulation study, the accuracy of SMI was structure-type dependent
(Figure 5) (see Discussions). Despite their excellent correlations to the reference values, the
Conn.D obtained from the resample images and the HR-pQCT images were significantly
underestimated (p < 0.001) by 16% and 31%, respectively (Table 2). Similarly, the DA obtained
from the HR-pQCT images was significantly underestimated (p < 0.001) by 10% (Table 2).

DISCUSSION
In this study, we found that three non-metric indices of trabecular bone structure are affected
by the spatial resolution of CT images. Specifically, the SMI values we obtained from
resampled μCT images for bone specimens with a range of morphologies increasingly deviated
from the reference values as the relative resolution decreased (Figure 3a), and its magnitude
varied depending on the structure type, whether plate-like or rod-like. Similarly in a more
clinically relevant context, the SMI of human trabecular bone from the distal tibia obtained at
the in vivo resolution (82 μm) was also structure-type dependent: the magnitude of deviation
from the reference value increased as the SMI increased (Figure 5b). Both Conn.D and DA of
the specimens obtained from their resampled μCT images decreased as the relative resolution
decreased (Figure 3c and e), and those of human distal tibia obtained from the HR-pQCT
images were significantly lower than the corresponding μCT reference values (Table 2).

Considering the applicability of SMI to the in vivo imaging such as using HR-pQCT, the
challenges are two-fold. First, the current in vivo relative resolution is limited to ∼2 pixels/
trabecula on average for the distal radius and tibia. Ito et al (13) reported that even with images
obtained using multi-detector-row CT at a spatial resolution of 250 × 250 × 500 μm, fractured
and non-fractured vertebrae were distinguishable (p < 0.0001). However, the in-plane relative
resolution was only 1.4 pixels/Tb.Th at this resolution. Our results show that the reliability of
the measurement at this relative resolution is questionable (Figure 3b). Therefore, we speculate
that the observed discriminatory power of the SMI by Ito et al (13) is driven primarily by bone
volume rather than by its true topology at this resolution. The question on the minimal relative
resolution required for the reasonable accuracy and reliability of SMI is not a trivial to answer
as discussed here.

From the simulation study, we found that the accuracy of the SMI with respect to relative
resolution is structure-type dependent: a plate-like structure is less sensitive to resolution
degradation and consequent partial volume averaging than a rod-like structure is. A possible
explanation for this difference lies in the definition, SMI = (BV·dBS/dr)/BS2. A plate-like
structure has minimal change in surface curvature (dBS/dr ≈ 0), making it robust against
pixelation. On the contrary, a rod-like structure has more curved surface (high dBS/dr), as well
as inherent low bone volume fraction (BV/TV) and high surface-to-volume ratio (BS/BV),
together making it more prone to greater partial volume effect. As a result, a rod-like structure
is increasingly misrepresented as the relative resolution decreases (Figure 1).

Second, in a clinically relevant context, the observed structure-type dependence of SMI at a
low relative resolution (particularly 1 - 2 pixels/Tb.Th achievable by HR-pQCT) implies that
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the errors are different not only between anatomical sites (e.g. radius and tibia) but also between
two trabecular bones with different structure types at the same anatomical site. For example,
although determined from the HR-pQCT images at the same resolution (82 μm), radius
specimens in MacNeil and Boyd (21) were highly rod-like (SMI = 3.0 ± 0.8) and the SMI
correlated poorly (r2 = 0.075) with the reference value; on the other hand, human distal tibia
in the current study had a mixture of plate-like and rod-like structures (SMI = 1.2 ± 0.4) and
correlated strongly (r2 = 0.90) with the μCT-obtained reference value (Table 2).

In addition, the difference in errors between specimens with different structure types at the
same anatomical site can be a problem in clinical studies. To illustrate this inter-specimen
difference of errors in the SMI at the in vivo resolution, human distal tibia samples were grouped
by the structure type at a threshold SMI of 1.5, as seen in Figure 5. Although SMI obtained
from the HR-pQCT images had no significant error compared to the reference value overall
(Table 2), SMI of the predominantly plate-like structure (SMI ≤ 1.5) was 26% lower than the
reference value on average, while that of the predominantly rod-like structure (SMI > 1.5) was
14 % higher (Figure 5a and b). In other words, a structure type assessed by the SMI may be
exaggerated beyond the true trabecular structure type when obtained from images at the in
vivo resolution.

Although the Conn.D for trabecular bone cores of human distal tibia obtained from the HR-
pQCT images at the in vivo resolution was significantly underestimated, it correlated well with
the μCT reference value (r2 = 0.75, p < 0.001) (Table 2). Hence, this result supports the
suggestion of obtaining Conn.D from the HR-pQCT images at 82 μm (21). However, in the
simulation study, the correlation with the reference value dramatically decreased with the
relative resolution for some specimens (Figure 3d), in agreement with the previous studies
(16,17). From these results, the resolution dependence of Conn.D may be affected by site
dependent differences. In addition, Conn.D alone cannot be a measure of bone quality (5) due
to its weak correlations with mechanical properties and other metrics (23). Thus it must be
used in conjunction with other metrics and micro finite element analysis (21).

Among the three tested non-metric trabecular structure indices, the DA showed no significant
difference from the reference value throughout the tested relative resolutions for all specimens.
In addition, the strong correlation with the reference value (r2 ≥ 0.71) was also maintained
except for murine tibiae (Figure 3f). The underlying mechanism is that isotropic resampling
averages equally in all directions, thereby effectively leaving the ratio constant (16). While the
DA of human distal tibiae obtained from the HR-pQCT images at the clinical in vivo resolution
had an excellent correlation (r2 = 0.93) in this study, MacNeil and Boyd (21) reported weaker
correlation for human distal radii (r2 = 0.67).

Two limitations in the methods used in this study are worth noting. First, even though
thresholding is crucial in segmenting the bone phase for the calculation of non-metric indices,
selecting an optimal threshold value is not trivial. Although commonly used, a manual
threshold selection, such as the global fixed threshold method used in this study, can be
increasingly subjective, especially as relative resolution decreases. As a result, non-negligible
systematic errors are introduced in the structure measure calculations. An automatic, non-
subjective thresholding method, however, did not relieve the challenge in selecting the optimal
threshold for images at such a low relative resolution - the non-metric indices calculated from
the images segmented using adaptive-iterative threshold method (28), showed similar deviation
patterns from the reference values and had similar or lower correlations to the reference values
especially at a low relative resolution below 3 pixels/Tb.Th (data not shown).

Second, neither resampling μCT images at a lower resolution nor ex vivo imaging represents
the image quality actually acquired in an in vivo scenario. By resampling, the noise is effectively
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reduced, resulting in under-representation of the impact of resolution on the non-metric indices
than in in vivo imaging using HR-pQCT acquired at the same resolution (16) (Figure 5d).
However, resampling facilitated accurate comparison between exactly matched volumes of
interest (17). Similarly, ex vivo imaging disregards the artifacts typically associated with in
vivo imaging conditions such as lower signal-to-noise ratio due to greater surrounding bone
and soft tissue volumes, increased beam hardening, and artifacts related to patient motion.
Nonetheless, ex vivo imaging was necessary in this study for obtaining the μCT reference values
and for the resampling simulations.

In conclusion, we found that three non-metric indices of trabecular bone structure are affected
by the spatial resolution of CT images. Most notably, the SMI deviated from the high-resolution
μCT reference value depending on the structure type, whether plate-like or rod-like. The other
two indices, the Conn.D and DA were both underestimated at an in vivo resolution (82 μm). It
is not trivial to determine absolute threshold for validity of these non-metric indices without
considering a specific study design (e.g. relative resolution, the size of the treatment effect to
detect, and specimen type). The results of this study provide an upper bound for the accuracy
of the non-metric indices under limited resolution scenarios.
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Figure 1.
The representative μCT three-dimensional images (4 mm cubic sections (a, d, g) and a murine
tibia section) and the visually matched cross-sectional images of the specimens used in this
study: a bovine proximal femur and tibia (b, e) imaged at 16 μm and (c, f) resampled to 153
μm; a human distal tibia (h) imaged at 34 μm and (i) resampled to 153 μm; a murine tibia (k)
imaged at 9 μm and (l) resampled to 72 μm. At the lowest resampled resolutions, images are
highly pixelated, approximating the details of trabecular structure.
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Figure 2.
The representative visually matched grayscale cross-sectional images (top) and three-
dimensional images (bottom) of human distal tibia imaged using a) μCT at 16μm, and b) HR-
pQCT at 82 μm (equivalent to relative resolution of 1.73 pixels/Tb.Th). The image is highly
pixelated causing severe approximation of the fine trabecular structure in the HR-pQCT image.
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Figure 3.
The changes in the non-metric indices (a, c, and e) and in their correlation (r2) with the reference
resolution (b, d, and f) against relative resolution. The Conn.D for murine tibia is out of the
plotted range thus not shown here. The lines are simply connecting the data points.
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Figure 4.
The linear regression analyses on the non-metric indices for trabecular bone core of human
distal tibia to determine the correlations between the measurements calculated from two sets
of images obtained differently: (a-c) the HR-pQCT images and the μCT images at reference
resolution (16 μm) and (d-f) the resampled μCT images and the HR-pQCT images both at 82
μm.
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Figure 5.
The linear regression analyses and the Bland-Altman plots on the SMI for trabecular bone core
of human distal tibia calculated from two sets of images obtained differently: (a-b) The HR-
pQCT images and the μCT images at reference resolution (16 μm) and (c-d) the resampled
μCT images and the HR-pQCT images both at 82 μm. The measurements are grouped by the
structure type at threshold SMI = 1.5. The predominantly plate-like structure (SMI ≤ 1.5) is
represented by a filled square and the predominantly rod-like structure (SMI > 1.5) by an open
circle. The linear regression analysis determines the correlations and the Bland-Altman plots
qualitatively compare the measurements obtained from two datasets.
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Table 1
The reference values for Tb.Th and the non-metric indices (SMI, Conn.D and DA) (mean ± SD) for each specimen
used in the simulation study, calculated from the μCT images at the original (reference) resolution

Index Bovine prox. femur Bovine prox. tibia Human radius Murine tibia

N 7 8 15 14
Original nominal resolution [μm] 16 16 34 9

Relative resolution [Pixels/
Tb.Th]

11.1 12.2 4.3 6.1

Ref. Tb.Th [μm] 177.5 ± 7.2 195.9 ± 14.8 147.3 ± 18.2 54.9 ± 6.6
SMI 0.20 ± 0.36 0.76 ± 0.62 2.26 ± 0.40 1.32 ± 0.5

Conn.D [mm-3] 4.92 ± 1.59 3.48 ± 0.80 1.90 ± 0.97 246 ± 35
DA 2.12 ± 0.31 1.80 ± 0.43 1.73 ± 0.14 1.91 ± 0.1

The reference Tb.Th at the original nominal resolution was used to calculate the relative resolution.
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