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Abstract
Current micro-CT systems allow scanning bone at resolutions capable of three-dimensional
characterization of intracortical vascular porosity and osteocyte lacunae. However, the scanning
and reconstruction parameters along with the image segmentation method affect the accuracy of
the measurements. In this study, the effects of scanning resolution and image threshold method in
quantifying small features of cortical bone (vascular porosity, vascular canal diameter and
separation, lacunar porosity and density, and tissue mineral density) were analyzed. Cortical bone
from the tibia of Sprague-Dawley rats was scanned at 1-µm and 4-µm resolutions, reconstructions
were density-calibrated, and volumes of interest were segmented using approaches based on edge-
detection or histogram analysis. With 1-µm resolution scans, the osteocyte lacunar spaces could be
visualized, and it was possible to separate the lacunar porosity from the vascular porosity. At 4-µm
resolution, the vascular porosity and vascular canal diameter were underestimated, and osteocyte
lacunae were not effectively detected, whereas the vascular canal separation and tissue mineral
density were overestimated compared to 1-µm resolution. Resolution had a much greater effect on
the measurements than did threshold method, with partial volume effects at resolutions coarser
than 2 µm demonstrated in two separate analyses, one of which assessed the effect of resolution on
an object of known size with similar architecture to a vascular pore. Although there was little
difference when using the edge-detection versus histogram-based threshold approaches, edge-
detection was somewhat more effective in delineating canal architecture at finer resolutions (1 – 2
µm). In addition, use of a high-resolution (1-µm) density-based threshold on lower resolution (4-
µm) density-calibrated images was not effective in improving the lower-resolution measurements.
In conclusion, if measuring cortical vascular microarchitecture, especially in small animals, a
micro-CT resolution of 1 – 2 µm is appropriate, while a resolution of at least 1 µm is necessary
when assessing osteocyte lacunar porosity.
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Introduction
Cortical porosity and tissue mineral density contribute to the overall mechanical properties
of bone, particularly to bone stiffness and strength(1–5). The intracortical vascular porosity
associated with the bone blood vessels and the lacunar-canalicular porosity that surrounds
osteocytes also contribute to bone’s transport phenomena(6). The relaxation of fluid pressure
surrounding osteocytes is dependent on the vascular canals, which act as a low pressure
reservoir(7,8). Bone interstitial fluid flow is also dependent on the mechanical strains of the
solid phase during loading, with deformations related to the cortical and trabecular bone
compressibility(9). Because mechanically induced solute transport ensures the metabolic
function of osteocytes(10,11), it is important to accurately quantify cortical bone porosities
and tissue mineral density, particularly during disease states that may alter bone
microstructure.

Current methods to analyze bone microarchitecture in general, and cortical porosity in
particular, utilize light and confocal microscopy as well as micro-computed tomography
(µCT)(12,13). Histomorphometric approaches are widely used, but they involve the
destruction of the sample and may create artifacts during the processing and sectioning of
calcified tissue(14). µCT is a non-destructive, 3D imaging technique in which several of the
standard histomorphometry methods used to measure both trabecular and cortical bone
microarchitecture have been automated, allowing analysis of relatively large bone volume
samples with high correlation between histology and µCT-imaged morphology(15,16). Tissue
mineral density (TMD) can also be obtained from µCT once images are calibrated to density
using known standards(16). Synchrotron radiation-based µCT yields high-resolution 3D
images(5,17), but the field of view is limited and the devices are not widely available. While
commercial µCT scanners are widely used research tools, until recently the limited spatial
resolution of these scanners has been a barrier to the accurate measurement of cortical bone
microarchitecture, particularly when studying small animal models. The last few years have
seen an improvement of the resolution of commercial µCT systems, and now experiments
can be performed reaching nominal resolutions as high as 1 µm. Image processing and
histomorphometric analysis at this level of resolution are, however, time and computer
intensive tasks. Therefore, it is important to determine which resolution is adequate for
accurate and effective quantification of cortical bone porosity and TMD.

The accuracy of µCT measurements associated with small microarchitectural features
increases as the scanning voxel size decreases; however, at high resolutions, the field of
view becomes extremely small, limiting the possibility of scanning volumes of interest on
the order of several mm3. Furthermore, segmentation of bone and porosities is still user
dependent; thresholds are obtained by means of local or global inspection of the object
structure and the grayscale histogram, or by using a semi-automated intensity detection
algorithm to generate boundaries between interfaces(18, 19). The most commonly used
segmentation method is to apply a global threshold; however, unless global thresholding is
used after beam hardening effects have been corrected, local segmentation is
recommended(18). It is possible that segmentation limitations could be mitigated by high-
resolution scanning, corrections for beam hardening, and the implementation of a density-
based thresholding method.

The goal of this study was to provide guidance for the appropriate nominal scanning
resolution and threshold approach to use for quantification of cortical bone porosity using
high-resolution µCT. The specific aims were (1) to investigate the effects of resolution and
image thresholding method on three-dimensional measurements of intracortical bone
properties, including vascular canal porosity, vascular canal diameter and separation,
osteocyte lacunar porosity and density, and TMD; (2) to investigate whether a density-based
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threshold value obtained at high resolution can be used as an appropriate threshold value on
density-calibrated images at lower resolution; and (3) to investigate the role of partial
volume effects on µCT measurements of small architectural features.

Materials and Methods
Sample preparation

Cortical bone from the tibia of skeletally mature Sprague Dawley rats was analyzed, and
permission for the study was granted by the Institutional Animal Care and Use Committee at
the Hospital for Special Surgery. As part of a larger study to evaluate bone changes due to
estrogen deficiency, rats were subjected to sham ovariectomy surgery at twenty weeks of
age, where the ovaries were surgically exposed without being removed (n=6, Harlan
Laboratories). At twenty-six weeks of age, the animals were euthanized and the right tibiae
were harvested and placed in 10% neutral buffered formalin for 48 hours. After fixation, the
tibiae were placed in 70% ethanol and stored at 4° C until imaging. Before scanning, bone
samples were brought to room temperature while immersed in phosphate buffered saline
within a custom low X-ray attenuation plastic holder that held each bone in place for
scanning.

Micro-computed tomography imaging
To assess the effect of resolution, tibiae were scanned using a µCT system (SkyScan 1172,
Bruker microCT, Belgium) where projections (4000 × 4000 pixels) of the anterior proximal
tibia were acquired with nominal isotropic resolutions of 1 µm and 4 µm. The 1-µm nominal
resolution was the highest resolution possible by the µCT system, but the field of view
(FOV) was limited to 4 mm × 4 mm, thus requiring scanning of a selected region of the
proximal tibia. The 4-µm nominal resolution (16 mm × 16 mm FOV) was chosen because it
allowed scanning of the entire tibia and it is in the mid-range of µCT resolutions recently
used in the literature(5,17,20,21). To reduce the spatial variability in the X-ray intensity
profiles from the center to the edges of the images, the proximal anterior region of each tibia
was aligned to match the axis of rotation of the scanner, thus placing the anterior region of
the bone in the center of the FOV for each scanning resolution. Images were acquired using
a 10 MP digital detector of 11 µm physical pixel size. A 10 W power energy setting (100 kV
and 100 µA) and a 0.5 mm aluminum filter were used to minimize beam hardening effects
by utilizing mostly high energy photons and filtering low energy photons. An alignment
procedure and flat-field detector calibration were performed prior to scanning to minimize
ring artifacts and increase signal-to-noise ratio. 180° scans were performed with five X-ray
projections acquired every 0.3 degrees, each with an exposure time of 5301 ms (1 µm) or
1767 ms (4 µm). For the Skyscan system, these scanning parameters, at each respective
resolution, were chosen to optimize the signal-to-noise ratio and contrast of the images. The
total scan time was approximately 5 h at 1-µm resolution and 2 h at 4-µm resolution,
although the 1-µm scans imaged only 1/64th of the volume of the 4-µm scans. To calibrate
for TMD, hydroxyapatite rods (2 mm radius, densities of 0.25 and 0.75 gHA/cm3) and
volumes of saline and air were also scanned at 1-µm and 4-µm resolutions with the same
parameters described above.

Image reconstruction and density calibration
A modified back-projection reconstruction algorithm (v.1.6.5, NRecon, SkyScan, Bruker
microCT, Belgium)(22) was used to generate cross-sectional images from the X-ray
projections. Images were optimized using a standard post-alignment compensation
algorithm, treated using a smoothing filter with a Gaussian window kernel (four pixels for 1-
µm resolution and one pixel for 4-µm resolution, to maintain the grayscale histogram range
equivalent between resolutions), and corrected for ring artifacts. Further beam hardening
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correction was achieved using the NRecon software to check that the X-ray intensity profiles
across the bone cross-section remained linear. A programmed compensation for baseline
intensity available in the NRecon software was employed in the reconstruction of the 1-µm
images (both samples and calibration phantoms) because the FOV for the 1-µm scans was
smaller than the proximal tibial diameter and thus there was tissue outside the FOV as well
as a lack of air and saline at some scanning angles.

Using the hydroxyapatite calibration scans, the grayscale dataset was transformed into
Hounsfield units (HU) by assigning an HU value of 0 to the average grayscale index of
saline, and an HU value of −1000 to black pixels (air). Next, average HU values for the two
mineralized phantoms (0.25 and 0.75 gHA/cm3) were used to create a linear relationship
between HU and mineral density. This was performed separately for the 1-µm and 4-µm
datasets using the calibration scan at each corresponding resolution.

Image thresholding
To assess the effect of threshold on cortical porosity and TMD measurements, threshold
values were determined using two common approaches: an edge-detection and a histogram-
based method. The edge-detection (Edge_Det) algorithm (Canny-Deriche filtering, ImageJ
v1.37, National Institutes of Health) discriminates bone from pore by delineating boundaries
based on the spatial density gradients. For each bone image dataset and at each resolution,
the grayscale images were processed using the edge-detection algorithm, and a threshold
was chosen that produced binarized images that best matched the detected pore edges. The
histogram-based threshold (Hist) was determined using the histograms of the grayscale
image datasets. The two highest peaks from the histogram of each bone’s image dataset
were identified and a grayscale level corresponding to the lowest point between the peaks,
which represents the transition between bone and pore, was selected. The threshold selection
using the histogram process was also verified by local inspection of the bone architecture
after thresholding. For the six bones analyzed, the coefficient of variation of the threshold
was low; hence, for both the Edge_Det and Hist approaches, a single threshold was
determined for each tibia and then the average global threshold was used for the group.

In addition to the Edge_Det and Hist threshold methods, an additional analysis was
performed to determine whether a density-based threshold value obtained at high resolution
(1 µm) could be used to segment bone and canal space in density-calibrated images of lower
resolution (4 µm), thus producing an observer-independent threshold in gHA/cm3. This
analysis was completed using both Edge_Det and Hist thresholds obtained from the 1-µm
resolution images applied to the 4-µm resolution images.

Quantification of cortical bone microarchitecture and TMD
For each animal, two cylindrical intracortical volumes of interest (VOIs) of 250 µm diameter
and 2 mm height were chosen from the anterior proximal tibia starting 1 mm distal to the
growth plate. Care was taken to avoid any portion of the medullary cavity space. To quantify
cortical bone porosities, vascular canals and osteocyte lacunae were extracted from the VOIs
using Mimics software (v14.1.1.1, Materialise, Leuven, Belgium). Compartments
representing porosities were created by selecting all voxels with a density value lower
(inverse segmentation) than the threshold values previously determined using the Edge_Det
or Hist threshold methods, producing large objects (canals), small objects (lacunae), and
noise. Using a 3D region-growing operation, the vascular canals were isolated, and 1-voxel
sized noise objects were removed using erosion-dilation procedures. Using the CTAn
software (v.1.11.0, SkyScan, Bruker microCT, Belgium), osteocyte lacunae were isolated
using a 3D despeckled filter that removed objects outside the range of 100 µm3 to 600 µm3

in volume(23). To prevent the addition or removal of voxels on edges and boundaries of all
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segmentations, voxel-based operations were limited to the surfaces of the original
thresholded images. Also, to prevent edge effects, the first and last images of the VOI stack
were discarded from the 3D analysis.

The average vascular canal porosity (Ca.V/TV, %), canal diameter (Ca.Dm, µm), canal
separation (Ca.Sp, µm), lacunar porosity (Lc.V/TV, %), and lacunar density (N.Lc/TV, # of
lacunae per mm3) were measured using CTAn. The canal diameter and separation were
computed using the “sphere fitting” method developed by Hildebrand and Ruegsegger(24),
and lacunar density was quantified as the number of 3D objects per unit volume. In addition
to the cortical porosity measurements, the average TMD (gHA/cm3) was also calculated for
each VOI (measured in thresholded images, excluding pores). All parameters were assessed
for the two VOIs at each image resolution (1 µm and 4 µm) and threshold method
(Edge_Det and Hist). Cortical porosity parameters were also calculated for two subsets of
the 250-µm diameter VOIs: the more proximal half (1 mm in height), and the more distal
half (1 mm in height) to assess spatial differences within the VOIs.

Assessment of resolution-related partial volume effects
To assess partial volume effects due to decreasing resolution, the diameter of low X-ray
attenuation nylon fibers was evaluated at different scanning resolutions. The diameter of the
nylon fibers (n=7) was first quantified using high-resolution calipers (Absolute, model
547-520, Mitutoyo Corp, IL, USA). Then the fibers were embedded in a lead-chromate
contrast agent (Microfil, Flow Tech, Carver, MA) to produce a structure with an X-ray
attenuation similar to that of bone(25) and containing cylinders similar in size to the bone
vascular canals. The embedded nylon fibers were scanned at 1-µm, 2-µm, 3-µm, 4-µm, and
8-µm resolutions and reconstructed using the same methodology described above. Exposure
times were 5301 ms (1 µm and 8 µm), 1767 ms (3 µm and 4 µm), or 3534 ms (2 µm). Images
were optimized using individual standard post-alignment compensation, treated using a
smoothing filter with a Gaussian window kernel (four pixels for 1-µm resolution, two pixels
for 2-µm resolution, and one pixel for 3-µm and 4-µm resolutions, to maintain the grayscale
histogram range equivalent between resolutions). For each of the five resolutions, images
were segmented using the Edge_Det and Hist methods as previously described, and the
diameter of the nylon fibers was quantified with CTAn using the previously described
methods to measure vascular canal diameter.

To further assess the effects of decreasing resolution on the delineation of cortical bone
vascular and lacunar pores, the right tibia of an additional female Sprague Dawley rat
(twenty-four weeks old; underwent sham ovariectomy at twelve weeks of age) was scanned
at 1-µm, 2-µm, 3-µm, 4-µm, and 8-µm resolutions using the same methodology previously
described. Baseline intensity compensation in the NRecon software was employed for the 1-
µm and 2-µm resolution scans because there was bone tissue outside the FOV and a lack of
air and saline at some scanning angles. One cylindrical intracortical VOI of 250 µm diameter
and 1 mm height was chosen from the anterior proximal tibia starting 2 mm distal to the
growth plate. For each resolution, images were segmented using the Edge_Det and Hist
methods, and morphological parameters were quantified using the previously described
methods.

Statistical analysis
Differences in cortical microarchitecture and TMD due to resolution (1 µm vs. 4 µm) and
thresholding method (Edge_Det vs. Hist) were assessed using a repeated-measures two-way
ANOVA followed by Bonferroni's multiple comparison tests with a significance level of p <
0.05. Differences in cortical bone microarchitecture and TMD in the 4-µm resolution images
thresholded using the density-based threshold obtained at 1-µm resolution were analyzed
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using two-tailed paired t-tests (significance level of p < 0.05). Comparisons of
measurements from the proximal and distal VOIs was also assessed using a two-tailed
paired t-test. Changes in measured diameter of the nylon fibers due to changes in resolution
were assessed using a repeated-measures one-way ANOVA followed by Bonferroni's
multiple comparison tests with a significance level of p < 0.05. The normality of the data
sets was confirmed before using parametric tests, and Prism software (v.5, GraphPad, CA,
USA) was used for all statistical analyses.

Results
A µCT resolution of 1 µm better delineated the microarchitecture of cortical bone compared
to 4-µm resolution (Figs. 1 & 2). The 1-µm resolution images produced a more continuous
representation of the vascular canal porosity compared to the 4-µm resolution images (Fig.
2a–e). With the 1-µm resolution scans, the osteocyte lacunar spaces could be visualized, and
it was possible to separate the lacunar porosity from the vascular porosity during
quantification (Fig. 2f).

There were significant differences in the cortical porosity and TMD measurements for the 1-
µm and 4-µm resolution images. For both the Edge_Det and Hist thresholds, the 4-µm
images had a significantly lower cortical vascular canal porosity (−51 to −73%), a smaller
canal diameter (−34 to −39%), a larger canal separation (+23 to +53%), and a slightly higher
TMD (+5.3 to +5.8%) compared to the 1-µm images (Fig. 3). In addition, the 4-µm
resolution images were too coarse to delineate the osteocyte lacunar porosity and density,
which were essentially zero for the 4-µm images (Fig. 3). Comparing the effect of threshold,
at 1-µm resolution, there were no differences when applying the two threshold methods
because both the Edge_Det and Hist methods resulted in an equivalent threshold of 0.45
gHA/cm3. At 4-µm resolution, using the Hist threshold (0.81 gHA/cm3) compared to the
Edge_Det threshold (0.63 gHA/cm3) produced no significant differences in vascular canal
porosity, canal diameter, or TMD; however, the Hist threshold resulted in a vascular canal
separation somewhat closer to that measured with the 1-µm resolution images (Fig. 3).
Applying the high-resolution (1-µm), density-based thresholding value to the lower
resolution (4-µm) scans resulted in similar results as the Edge_Det and Hist thresholds: an
underestimation of vascular canal porosity (−85%) and canal diameter (−36%) and an
overestimation of canal separation (+71%) and TMD (+5%) compared to the 1-µm scans,
and lacunar porosity and density were close to zero (Fig. 4).

The values of cortical vascular pore architecture varied spatially within the VOIs,
independent of the resolution and threshold method used. For the 1-µm scans, the cortical
vascular canal porosity measured for the entire VOI was 4.8 ± 1.1%, with an average of 6.5
± 1.8% for the proximal half of the VOI significantly higher than the average of 2.7 ± 0.44%
for the distal half (p < 0.05). The canal diameter measured for the entire VOI was 14.7 ± 1.9
µm, with an average of 18.7 ± 6.1 µm for the proximal half not significantly different from
the average of 13.1 ± 1.3 µm for the distal half (p > 0.05). The canal separation for the entire
VOI was 92.8 ± 10.6 µm, with an average of 78.5 ± 14.9 µm for the proximal half
significantly lower than the average of 104 ± 11.2 µm for the distal half (p < 0.05).

Independent of anatomical variation within the VOIs, the analysis of variance indicated that
of the two imaging factors analyzed (resolution and threshold), resolution was the main
source of variation affecting all the studied parameters. For vascular canal porosity,
resolution accounted for 75% of the variance, while threshold accounted for only 2%. For
canal diameter, 81% of the variance was due to resolution and only 0.4% due to the
threshold method. For canal separation, 57% of the variance was due to resolution and 10%
due to the threshold method. Analysis of TMD among groups indicated that 48% of the
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TMD variance was due to the resolution and only 0.1% due to the threshold method. Finally,
resolution accounted for almost 94% of the variance of the lacunar porosity and density, and
threshold had no effect on the variance. The only parameter that had a significant interaction
between resolution and threshold was canal separation, which also demonstrated a small but
significant difference in the 4-µm resolution images thresholded with Edge_Det and Hist
(Fig. 3c).

In the analyses of partial volume effects, the nylon fiber diameter measured using µCT
decreased with coarser resolution (Fig. 5). Only the fiber diameters measured using 1-µm
and 2-µm resolutions and analyzed with the Edge_Det threshold method (24.5 ± 1.2 µm and
24.2 ± 1.3 µm, respectively) were not statistically different from the actual diameter
measured using high-resolution calipers (25.3 ± 0.15 µm) (Fig. 5a). The diameter measured
using 3-µm (14.2 ± 0.92 µm), 4-µm (13.1 ± 0.89 µm) and 8-µm (non-detectable) resolutions
were 44%, 48% and 100% smaller than the actual fiber diameter, respectively. A similar
trend was seen with the images analyzed using the Hist threshold method, although the fiber
diameters measured using all the scanning resolutions were statistically different from the
caliper measurements, including the 1-µm and 2-µm scans (Fig. 5b), indicating that the
edge-detection threshold method is more appropriate than the histogram method for vascular
canal quantification.

The assessment of partial volume effects using a single tibia scanned at resolutions from 1 –
8 µm also demonstrated that vascular canal diameter, lacunar porosity, and lacunar density
decrease with coarser resolution (Fig. 6). The lacunar density and porosity dropped sharply
at 3-µm resolution, and were close to zero at 4-µm and 8-µm resolutions. The vascular canal
diameter also dropped substantially at 4-µm resolution and was not effectively delineated at
8-µm resolution. This multiple-resolution analysis of a single tibial region highlights that
increasing voxel size diminishes the delineation of edges/boundaries of small bone features
such as vascular pores and osteocyte lacunae, which leads to a misrepresentation of these
architectural parameters.

Discussion
This study was undertaken to provide guidance in choosing an optimal resolution and
threshold method capable of accurately characterizing cortical bone microarchitecture and
TMD using three-dimensional µCT assessments. Rat bone was scanned at resolutions that
included the highest resolution available on a desktop µCT scanner (1 µm), and segmented
with two commonly used thresholding methods. Because of the better delineation of small
pores, the intracortical bone porosity was significantly greater for 1-µm scans compared to
4-µm scans. The measured values for both the vascular canal porosity and canal diameter
were higher in 1-µm scans, and the osteocyte lacunar porosity was measureable, whereas the
resolution in 4-µm scans was too coarse to adequately detect the lacunar pores (Figs. 3 & 4).

When comparing resolution and threshold method, resolution was found to be the main
source of variation in the measured parameters. The choice of resolution clearly affected the
quantification of microarchitectural parameters, with cortical vascular porosity ~100%
greater and vascular canal diameter ~50% greater at 1-µm resolution compared to 4-µm
resolution. Duvall et al.(26) previously investigated the ability of contrast-enhanced µCT to
resolve collateral vessel development after ischemia in a mouse model, and demonstrated
that a lower resolution diminished the vessel volume, vessel connectivity and vessel number,
indicating the importance of a small voxel size to resolve small caliber vessels. In the
present study the nylon fiber analysis demonstrated the reliability of 1-µm and 2-µm
resolution µCT images thresholded with an edge-detection method to quantify objects of
similar size to bone vascular pores. Caliper measurements of the nylon fiber diameter
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demonstrated no statistically significant differences with the fiber diameter measured from
1-µm and 2-µm resolution edge-detected µCT images, whereas the percent difference found
by comparing the caliper measurements to µCT measurements at the other image resolutions
analyzed (3 to 8 µm) ranged from 44% to 100% (Fig. 5a). The nylon fiber diameter
measured using histogram-thresholded µCT images also showed a decrease in diameter as
the voxel size increased, but the 1-µm and 2-µm resolution scans did not depict the nylon
fiber diameter as effectively as the edge-detected images (Fig. 5b). In addition, the bone
analysis at multiple resolutions (1 – 8 µm) demonstrated diminished effectiveness in
delineating vascular and lacunar pores with increasing voxel size, with only the 1-µm
resolution able to quantify both vascular and lacunar pores (Fig. 6). Overall, these results
demonstrate that a low-resolution partial volume effect is the major contributor to µCT
quantification errors of small architectural features.

In addition to analyzing two commonly used threshold techniques (a histogram-based
approach and an edge-detection approach), the µCT images were also analyzed using a
density-based threshold obtained at high resolution to see if this threshold could be used
effectively with lower resolution scans. The rationale behind this approach comes from the
fact that at high resolution, structural aspects are optimally delineated, so it seems feasible
that bone/pore segmentation using a density-based threshold should make the image
segmentation independent of the scanning resolution. However, when a single threshold
value of 0.45 gHA/cm3 was applied to the 1-µm and 4-µm resolution scans, significant
differences were found in the microarchitecture and TMD measurements (Fig. 4). These
differences were largely due to the small features analyzed in this study, and because of the
strong influence of partial volume effects at 4-µm resolution, as described above. Thus,
using a high-resolution density-based threshold approach to characterize small features was
not possible across the studied resolutions.

The values of cortical microarchitectural parameters reported in this study lie within the
ranges of values found in the literature, although it should be noted that reported values vary
according to species, anatomical location, size of the VOI analyzed, as well as the resolution
and threshold used. The average cortical bone vascular porosity of 4.8% found using 1-µm
resolution and 1.3% – 2.3% using 4-µm resolution in this study fell within the range of
values reported in the literature for rodents (0.5 – 7%) using histomorphometry as well as
µCT and synchrotron based X-ray at resolutions ranging from 0.7 to 7 µm(5,17, 21,23,27–29).
Also, the 14.7 µm average canal diameter measured using 1-µm resolution and the 9.0 – 9.7
µm canal diameter assessed at 4-µm resolution are similar to the 17.2 µm diameter values
found by Britz et al.(21) using 3-µm resolution in the tibial mid-diaphysis of Sprague Dawley
rats as well as the 10.3 µm average canal diameter measured in mice by Schneider et al.
using 3.7-µm resolution(28). The 1.5 ± 0.44% lacunar porosity values reported in this study
using 1-µm resolution are in close agreement with the 1.3% from Schneider et al. using 0.7-
µm resolution in mice(5) and 1.5% from Tommasini et al. using 0.75-µm resolution in
rats(23). Also, the osteocyte lacunar density reported here (68.8 ± 13.2 ×103 lacunae per
mm3) is similar to recent µCT volumetric measurements in mice and rats (49.0 ×103 to 66.0
×103 lacunae per mm3)(5,23). The cortical TMD values found at 1-µm resolution (1.26 gHA/
cm3) and at 4-µm resolution (1.33 –1.34 gHA/cm3) in the present study are also very similar
to the 1.13 – 1.36 g/cm3 values reported in rodents(17,29,30). Overall, the range of reported
values for cortical microarchitecture demonstrates that there are biological (species,
location) and technical (scanning resolution) factors that increase the variability of
measurements.

In conclusion, this study demonstrates that a µCT nominal resolution of 1 µm allows
quantification of osteocyte lacunar pores (density and porosity) as well as intracortical
vascular pores. A scanning resolution of 2 µm may also be effective when assessing vascular
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microarchitecture, especially when using an edge-detection thresholding method.
Resolutions coarser than 2 µm are not adequate to detect changes in small architectural
features of cortical bone, especially when changes (e.g., to a pore surface) may be on the
order of a few microns. A disadvantage of using a 1-µm resolution is the increased scanning
time, along with the smaller volume of bone that can be imaged in a single scan; in contrast,
a resolution of 2 µm (8 mm × 8 mm FOV) could be used to scan a whole bone cross-section,
but lacunar quantification would be diminished. While the 4-µm scans did not accurately
represent the intracortical porosity because the resolution was too coarse, there are
advantages to using a resolution coarser than 1 – 2 µm. Resolutions of 3 – 8 µm (or coarser)
could be used to scan an entire rat tibia, which is convenient for 3D modeling of whole bone
structure as well as assessing architectural features larger than those studied here (e.g.,
cortical thickness or trabecular separation). The resolution of the scan should always be
chosen based on the size of the structure being analyzed as well as on the size of the
expected microarchitecture changes that the experimenter wants to quantify. If measuring
cortical vascular porosity, especially in small animals, a µCT resolution of 1 – 2 µm is
appropriate, while a resolution of at least 1 µm is necessary when assessing osteocyte
lacunar porosity.
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Fig. 1.
(a) µCT reconstruction of a whole rat tibia (4-µm resolution) demonstrating the region of
analysis, starting 1 mm below the proximal growth plate (scale bar: 6 mm). (b)
Reconstructed 1-µm resolution µCT image of the anterior proximal tibial metaphysis and (c)
Reconstructed 4-µm resolution µCT image of the same region shown in (b) (scale bars: 100
µm). (d) A slice through a volume of interest (VOI) from a 1-µm resolution image and (e)
from a 4-µm resolution image of the same region shown in (d) (scale bars: 50 µm).
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Fig. 2.
(a) 3D rendering of a µCT reconstruction of the anterior proximal tibia showing a 250-µm
diameter cylindrical VOI used for analysis. 3D renderings of the analyzed VOI showing the
vascular canal structure (b) at 1-µm resolution with threshold of 0.45 gHA/cm3 (determined
using Edge_Det and Hist threshold methods), (c) at 4-µm resolution with threshold of 0.63
gHA/cm3 (determined using Edge_Det threshold method), (d) at 4-µm resolution with
threshold of 0.81 gHA/cm3 (determined using Hist threshold method), and (e) at 4-µm
resolution with the density-based threshold determined using the 1-µm resolution scans
(0.45 gHA/cm3). (f) 3D rendering from a 1-µm resolution µCT reconstruction showing
vascular canals (dark red) and osteocyte lacunae (yellow) (scale bar: 100 µm).
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Fig. 3.
Bar plots (mean ± SD; n=6) indicating bone microarchitectural and TMD differences due to
resolution (1-µm or 4-µm) and threshold method (Edge_Det or Hist method): (a) vascular
canal porosity, (b) vascular canal diameter, (c) vascular canal separation, (d) osteocyte
lacunar porosity, (e) osteocyte lacunar density and (f) tissue mineral density. *p<0.05
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Fig. 4.
Bar plots (mean ± SD; n=6) indicating bone microarchitectural and TMD differences due to
application of a high-resolution density-based threshold to both the 1-µm and 4-µm
resolution scans: (a) vascular canal porosity, (b) vascular canal diameter, (c) vascular canal
separation, (d) osteocyte lacunar porosity, (e) osteocyte lacunar density and (f) tissue
mineral density. *p<0.05
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Fig. 5.
The diameter of nylon fibers (mean ± SD; n=7) measured using calipers as well as with µCT
scans at resolutions ranging from 1 µm to 8 µm using (a) the Edge_Det threshold method
and (b) the Hist threshold method. *p < 0.05
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Fig. 6.
µCT reconstructions of the same region of interest from the proximal anterior region of a rat
tibia demonstrating the effects of scanning resolution, (a) 1-µm, (b) 2-µm, (c) 3-µm, (d) 4-
µm and (e) 8 -µm resolution, on the vascular canal diameter (Ca.Dm), lacunar density (N.Lc/
TV), and lacunar porosity (Lc.V/TV) using the Edge_Det and Hist threshold methods. The
edge-detected images in the second row demonstrate the delineation of the vascular pores
(the larger pores) and the osteocyte lacunar pores (the smaller pores) at each resolution.
Scale bars: 50 µm.
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