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Abstract
Before in vivo micro-CT scanning can be used to investigate femoral trabecular microarchitecture
over time in rabbits, its repeatability and reproducibility must be demonstrated. To accomplish this,
both distal femurs of two six-month-old New Zealand white rabbits were scanned five times each in
one day under different conditions (repeatability). Scanning was done at 28 μm isotropic voxel size
to produce five image stacks of each femur. Three operators then followed a standard image
processing protocol (reproducibility) to isolate two separate cubes from each anterior femoral
condyle [total n = (8 cube sites)(5 scans)(3 operators) = 120]. Bone volume fraction (BV/TV) of the
eight different cube sites (sample) ranged from 0.408 to 0.501 (mean: 0.453); trabecular thickness
(Tb.Th) ranged from 158.1 μm to 185.5 μm (mean: 168.6 μm); and trabecular separation (Tb.Sp)
ranged from 179.4 μm to 233.1 μm (mean: 204.7 μm). Using ANOVA and the variance component
method, the total process variation was ± 14.1% of the mean BV/TV of 0.453. The sample variation
was ± 13.9% (p<0.001), the repeatability was ± 2.1% (p<0.001), and the reproducibility was ± 0.1%
(p>0.05). Results were similar for Tb.Th and Tb.Sp. Though the contribution due to repeatability
was statistically significant for each of the three indices, the natural sample differences were far
greater than differences caused by repeated scanning under different conditions or by different
operators processing the images. These findings suggest that in vivo micro-CT scanning of rabbit
distal femurs was repeatable and reproducible and can be used with confidence to measure differences
in trabecular bone microarchitecture at a single location in a longitudinal study design.
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INTRODUCTION
Trabecular bone architecture is an important component of the quality of cancellous
(trabecular) bone that must be considered along with bone mass to fully assess fracture risk.
Traditional clinical methods of bone imaging, though not ideal because their resolutions are
on the order of the trabecular thickness, have been advanced through sophisticated image
processing methods to yield accurate measures of trabecular structural indices (Laib et al.,
1998; Saha and Wehrli, 2004) and to allow simulation of bone loading using finite element
methods (Ulrich et al., 1999; Homminga et al., 2001; Pistoia et al., 2004). However, high
resolution computed tomography (micro-CT), which provides high spatial resolution with
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voxel sizes less than 50 μm, is a more powerful research tool for quantifying the detailed
architecture of trabecular bone along with trabecular tissue density information and has become
highly refined and widely accepted for its use in vitro and ex vivo (Feldkamp et al., 1989; Kuhn
et al., 1990; Hildebrand and Ruegsegger, 1997; Müller et al., 1998).

Micro-CT promises to be even more useful as an in vivo tool so that small changes can be
measured through time in a single animal, and eventually as imaging modalities improve, in
patients. Thus far, successful in vivo scanning of small animals such as rats has been described
and the benefits of longitudinal studies are being demonstrated (Kinney et al., 1995; Laib et
al., 2001; Waarsing et al., 2004a; Waarsing et al., 2004b; Gasser et al., 2005; Waarsing et al.,
2006; Boyd et al., 2006a; Boyd et al., 2006b). As the field moves forward, clinical application
of in vivo micro-CT scanning for detection of fracture risk may become a reality. In the mean
time, scanning of larger bone volumes from larger animals such as rabbits would be helpful to
take full advantage of the ability of micro-CT to analyze trabecular bone as a continuous three-
dimensional structural material and through direct conversion to finite element models (van
Rietbergen et al., 1995) for mechanical property assessment. Rabbits are also advantageous
compared to rats because they exhibit a predictable cessation of longitudinal bone growth after
five to six months (Kaweblum et al., 1994) and should not require special processing of images
to account for growth as seen with rats (Waarsing et al., 2004a). In vivo micro-CT scanning of
rabbits will also complement studies involving bone graft incorporation, implant bone
interfaces, and skeletal assessment which commonly use the rabbit femur model (Laffargue et
al., 1999; Orr et al., 2001; Ohsawa et al., 2004; Voor et al., 2004; Bourne and van der Meulen,
2004; Saha and Wehrli, 2004; Pihlajamaki et al., 2006a; Pihlajamaki et al., 2006b; Dallari et
al., 2006; Fellah et al., 2006; Takahashi et al., 2006; Wang et al., 2006; van der Meulen et al.,
2006).

The objective of this investigation was to demonstrate the successful scanning of live rabbits
and to validate the repeatability and reproducibility of high-resolution micro-CT measures of
the distal femoral trabecular microstructure. The procedure was done over a very short period
of time so it would be known a priori that there would be no differences in microarchitecture
between scans. The scanner setup and the soft tissue condition were intentionally varied to
simulate variations in conditions during longitudinal studies due to hardware setting drift or
weight gain. Three separate operators were also used to assess the integrity of the interactive
component of the image processing and analysis protocol. Together, these conditions provide
data with which to determine the repeatability and reproducibility. For purposes of this
investigation, repeatability was defined by Analysis of Variance (ANOVA) as the contribution
to the total variance from the residual (or error) variance due to differences in measurements
of the same sample at different times by the same operator. Similarly, reproducibility was
defined as the contribution to the total variance from the operator variance due to differences
in measurements of the same sample at the same time by different operators. Other sources of
variance were the sample variance and the sample-operator interaction variance.

MATERIALS AND METHODS
In vivo scanning procedure

Two six-month-old female New Zealand white rabbits weighing approximately 4 kg were used
according to a protocol approved by the institutional animal care and use committee. Six-
month-old rabbits were used because it is known that they achieve skeletal maturity and have
distinct closure of the epiphyses at nineteen to twenty-four weeks (Kaweblum et al., 1994).
Because future studies related to osteoporosis will have a starting point of no younger than six
months of age, animals of similar age were used in this study.
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The custom-made micro-CT scanner (150/225-Ffi-HR-CT, BIR, Lincolnshire, IL) includes a
specimen/small animal manipulator, a 225 kV X-ray source with a focal spot size of 5 μm and
an image intensifier with a 1024×1024 pixel digital camera (Figure 1). A small animal
anesthesia machine (VSA-2100, VetLand, Louisville, KY) with a small animal anesthesia
ventilator (Model 2000, Hallowell, Pittsfield, MA) was added to the scanner cabinet.

Each rabbit was sedated under isoflurane anesthesia (1L/min O2 with 3% isoflurane by volume)
using a mask with two-way tubing initially held over the rabbit’s snout and then secured with
a strap. The rabbit was placed in a custom made rabbit holder resting its front legs against the
top column of the fixture (Figure 1). One hind-leg was flexed and the other hind-leg was
extended into the lower column and held in place with a strap. The rabbit holder was then
placed on the specimen manipulator which could be rotated about the z-axis and raised or
lowered along the z-axis. Manual adjustment via a software interface (ACTIS, BIR,
Lincolnshire, IL) was carried out until the region of interest was located for optimal scanning.
The distal femoral condyle region was chosen as the region of interest because it has a sufficient
continuous cancellous structure (van der Meulen et al., 2006). The metaphyseal regions of the
hind-limbs, which are more commonly studied in rats and mice (Waarsing et al.,
2004a;Waarsing et al., 2006;Fritton et al., 2005), are very sparse in the rabbit and thus do not
allow the calculation of trabecular indices required for this investigation.

Five in vivo scans of both the right and left hind-legs of each rabbit were performed within
approximately five hours. The basic x-ray power settings were 86kV and 110μA, the distance
from the x-ray source to the image detector (SID) was 703 mm, and the source-to-object
distance (SOD) was 143.3 mm. The rabbit holder allowed a single hind-limb to be extended
into a 51 mm diameter tube for isolation and scanning of the distal femur (Figure 1). The
radiolucent acrylic material used in making the rabbit holder was inexpensive, lightweight and
relatively rigid as well as optically transparent for monitoring the rabbits during scanning.
Scanning was performed in the offset mode by placing the center of the tube 12.3 mm lateral
to the centerline of the x-ray cone beam. A full 360 degree-plus-fan-angle rotation was used
for the scan with 1000 projections per revolution (2× averaging per projection was used to
reduce noise). In this cone beam reconstruction mode, a single rotation of the object captured
107 slices, each representing a single row of pixels at a nominal size of 28 μm slice thickness.
Because the offset mode effectively doubles the scan width, the reconstructed slice images
were 2048×2048 pixels, at a nominal size of 28 μm × 28 μm (Figure 2). Two complete rotations
covering 214 slices (approximately 6 mm from the distal femoral growth plate to the joint line)
were performed for each scan. The total time in the micro-CT scanner was about 30 minutes
for each leg scanned and the x-ray exposure time for each scan was approximately 12 minutes.
The total tissue dose equivalent for each scan was approximately 0.24 Gy at the scanned femur
and 0.00016 Gy at the chest.

The five different scanning conditions (Figure 2) were:

1. basic settings (86 kV, 110 μA);

2. 3% reduced power (83.4 kV, 110 μA);

3. 3% increased power (88.6 kV, 110 μA);

4. simulated soft tissue variation: 3.175 mm thick by 45 degree section of acrylic tube
beside the leg, basic settings (86 kV, 110 μA);

5. simulated soft tissue variation: 3 mm thick by 20 mm wide strip of dried beef (Oberto
Co., Chicago, IL) placed beside the leg, basic settings (86 kV, 110 μA).

The amperage was not varied because it was known from previous work that there would be
a greater effect from varying the voltage rather than varying the amperage (Yang, 2006).
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Scanning was carried out sequentially under each condition for the right and left legs and the
rabbits were euthanized the following day by overdose of pentobarbital.

Image processing
For each scan, the image stacks contained 28 μm voxels with 16 bit grayscale (gray levels:
0-65535) in a 214×2048×2048 array. Each operator then rotated and cropped the images to
isolate the femoral cross sections using ImageJ (v1.29x, Wayne Rasband, NIH) (Figure 3). The
four image stacks from the non-standard imaging conditions were spatially reoriented, or
registered, to the reference scans using a custom registration algorithm written in MATLAB
(v6.5, The Mathworks, Natick, MA) that uses maximization of mutual grayscale information
(Yang et al., 2005;Maes et al., 1997). The registration process requires a reference or ‘fixed’
image stack to which other ‘floating’ image stacks are reoriented in space to create the best
spatial match.

From the registered data sets, two cubes (cubic or near-cubic volumes of interest either
125×125×125 or 125×125×100 voxels in size) were isolated from each femur (Figure 3). Cubes
were always taken from the anterior halves of the lateral and medial condyle regions. The size
and location of the cubes was standardized by cropping a square from the same position in
each of the registered image stacks. Each of the resulting cubes was then segmented using
MATLAB (v6.5, The Mathworks, Natick, MA) based on a histogram driven method of global
thresholding (to find a single unique gray level for each cube) to isolate the bone tissue from
the less dense tissue material in the images (Otsu, 1979). Bone volume fraction (BV/TV),
trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp) were calculated using a plate-
model assumption (Parfitt et al., 1983;Kuhn et al., 1990) in the three-dimensional analysis
software VGStudio Max (v1.2.1, Volume Graphics, Heidelberg, Germany)(see Appendix on
Journal website for details). Because there were four hind-legs and two locations in each leg
for a total of eight different sites studied, and each site was scanned five times, each operator
was responsible for processing a total of forty cubes.

Statistical Analysis
Statistical analysis was performed using SPSS (v 15.0, SPSS, Chicago, IL) as an Analysis of
Variance (ANOVA) using a variance components method similar to that described by Duncan
(1986) to determine gage repeatability and reproducibility. This method calculates the variance
components for the sample, operator, sample-operator interaction, and residual/error. It is the
residual/error component that defines the repeatability and the operator component that defines
the reproducibility. By multiplying the resulting standard deviations by 2, the 95% confidence
interval contributions (in measurement units) of each variance component to the total process
variation were determined. The statistical significance of the contribution to variance from
each source was determined by three-way ANOVA (significance level p=0.05).

It should be noted that this approach to measuring repeatability is somewhat unusual compared
to traditional gage repeatability and reproducibility studies. Traditionally, the conditions are
kept identical between measurements. In this study, the conditions were intentionally varied
to simulate possible scanner setting drift or soft tissue growth over time. Thus, as a “worst-
case” approach, this was considered a more rigorous method of testing repeatability.

RESULTS
The two rabbits were scanned on successive days and the resulting sets of images were
reconstructed over the next two days. Each operator then required approximately ten hours of
interactive processing to complete the cropping, registration, and analysis procedures.
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The BV/TV measurements for the eight cubes ranged from 0.408 to 0.501 with a mean value
of 0.453 (Figure 4). The individual cube values were normally distributed and represented
values expected from multiple samples taken from the anterior condyle region of six-month-
old rabbits (Bourne et al., 2002;Bourne and van der Meulen, 2004;Yang, 2006). The variance
components analysis results for BV/TV are shown in Table 1. The variation due to the sample
was 13.9% of the overall mean and contributed significantly to the total variance (p<0.001).
The variation due to repeated scanning under different conditions (repeatability) was 2.1% of
the overall mean and also contributed significantly to the total variance (p<0.001). The
variation due to multiple operators (reproducibility) was 0.1% of the overall mean, which was
not statistically significant (p=0.06).

Tb.Th values ranged from 158.1 μm to 185.5 μm with a mean value of 168.7 μm (Figure 5)
and were normally distributed. The variance components analysis results for Tb.Th are shown
in Table 2. The variation due to the sample was 19.6 μm or 11.6% of the overall mean and
contributed significantly to the total variance (p<0.001). The repeatability was 6.6 μm or 3.9%
of the overall mean and also contributed significantly to the total variance (p<0.001). The
reproducibility was 0.0% of the overall mean and did not contribute significantly to the total
variance (p=0.65).

Tb.Sp values ranged from 179.4 μm to 233.1 μm with a mean value of 204.2 μm (Figure 6)
and were normally distributed. The variance components analysis results for Tb.Sp are shown
in Table 3. The variation due to the sample was 39.4 μm or 19.3% of the overall mean and
contributed significantly to the total variance (p<0.001). The repeatability was 6.5 μm or 3.2%
of the overall mean and contributed significantly to the total variance (p<0.01). The
reproducibility was 1.1 μm or only 0.5% of the overall mean but contributed significantly to
the total variance (p<0.01).

There was no effect for any of the measures from the sample-operator interaction, so those
results were not included in the tables. One of the cubes produced by one operator was corrupted
and was excluded from the analysis after being shown to be a statistical outlier. Post-hoc power
analysis of the ANOVA showed an overall experimental power of >0.8. (The raw data can be
seen in Tables A1-A3 of the Appendix located on the Journal website.)

DISCUSSION
The utility of in vivo micro-CT scanning of live animals is dependent on the ability of the
method to distinguish small differences in trabecular architectural indices over time. To
accomplish this, there must be confidence that the differences observed are not due to variations
in the scans between different times, conditions, or operators. The technique described herein
has been shown to be both repeatable and reproducible for evaluating the trabecular indices of
BV/TV, Tb.Th, and Tb.Sp in rabbit distal femurs.

There were significant contributions to the total variance due to repeatability over the five
scanning conditions for BV/TV, Tb.Th, and Tb.Sp. However, the repeatability variance
components were small, compared to the variance components associated with the eight
different cube samples themselves. The BV/TV sample variance component was 13.9% of the
overall measurement mean, while the BV/TV repeatability variance component was 2.1% of
the mean. Any future studies involving longitudinal measures of bone will be designed with
the expectation that the losses or gains in trabecular indices will be on the order of the
differences seen in the present study between different rabbits and different locations, which
are well beyond the 2.1%, 3.9%, and 3.2% repeatabilities found for BV/TV, Tb.Th, and Tb.Sp,
respectively. For example, a recent pilot study on the effects of low calcium diet and
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ovariectomy in this rabbit model showed a 17% reduction in BV/TV over eight weeks (Voor
et al., 2005).

The contribution to the total variance due to reproducibility (i.e., multiple operators), was not
significant for BV/TV (0.1% of the overall mean, p=0.06), nor for Tb.Th (0.0% of the overall
mean, p=0.65). The contribution due to reproducibility was, however, significant for the
measure of Tb.Sp (p<0.01), but this value only amounted to 0.5% of the overall mean for Tb.Sp.
These findings indicate an excellent reproducibility of the presented method. Thus, the highly
automated procedure for image processing and analysis removed most of the subjectivity
during data handling. This also indicates that the registration algorithm used was robust and
reliable.

The importance of an accurate and efficient registration method for longitudinal in vivo imaging
studies is well known (Boyd et al., 2006b). It is also vital that a registration method does not
require reference landmarks or repeated calibrations if it is to be used conveniently in vivo.
The mutual information based registration method evaluated in the present study meets these
requirements. Because the maximization of mutual information registration technique is a
spatial “best-fit” method, it is also reliable when there are slight changes in the trabecular
architecture over time (Waarsing et al., 2004a; Yang, 2006).

The Volume Graphics voxel-based analysis software directly measures the bone volume (BV)
from the three-dimensional image stacks. The other indices such as the bone surface to volume
ratio (BS/BV), Tb.Th and Tb.Sp are derived values dependent on the use of a plate model
assumption for their calculation (Parfitt et al., 1983; Kuhn et al., 1990). Because the rabbit
bones used for this single time point study are highly plate-like in structure (Figure 3), it is
believed that this model is valid. Of course, a direct three-dimensional method (Hildebrand et
al., 1999) could be used if more accurate measures are needed when significant bone loss is
expected. Also, a more sophisticated local threshold method (Waarsing et al., 2004b) could be
used to further improve the repeatability over that shown here with a relatively simple global
threshold technique.

The advantages of studying the same animals over time include reduced animal numbers,
higher statistical power, and the ability to identify localized regions of microarchitectural
change. These characteristics are ideally suited to the study of drug effects, disease processes,
and therapeutic regimes on the trabecular microarchitecture that is so influential for bone
quality and fracture risk. Some of the advantages of specifically studying rabbits are the larger
volumes of bone to be analyzed and the ability to study implantable devices or grafts that may
not be feasible in smaller animals. The values for repeatability and reproducibility (lower than
4% and about 0.5% of the overall mean, respectively) in the examined parameters, BV/TV,
Tb.Th, and Tb.Sp, indicate that the method can be reliably employed to detect changes in the
trabecular microarchitecture by repeated in vivo micro-CT scanning of a given animal. Ongoing
work includes isolating regions of specific trabecular architectural changes as well as
conversion of cubes into finite element models for “virtual” strength testing of the bone of the
same animal at different times.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The custom designed open micro-CT system (ACTIS 150/225 Ffi-HR CT, BIR Inc.,
Lincolnshire, IL) was fitted with a specimen/small animal manipulator and a custom made
rabbit holder. The rabbit holder allowed a single hind-limb to be extended into a 51 mm
diameter tube for isolation and scanning of the distal femur. In an offset scanning mode, the
three-dimensional isotropic voxel image size was 28 μm.
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Figure 2.
Representative slices from each of the five scanning conditions show that the rabbit was
repositioned for each scan. The 86kVPlastic and 86kVTissue conditions contained extra
material within the scan region to simulate soft tissue changes between scans. Image slices
were 2048 × 2048 pixels with 28 μm size.

Voor et al. Page 11

J Biomech. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
After image registration, the femoral cross sections were isolated and cropped to produce cubes
from the anterior parts of the medial and lateral condyles. The “cubes” measured 125 × 125
× 125 or 125 × 125 × 100 voxels in size with 3.5 mm width, 3.5 mm length and either 3.5 or
2.8 mm height. Individual isotropic voxels were 28 μm. Cube from lateral side is shown.
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Figure 4.
The volume fractions (BV/TV) for each cube sample and for each scan condition are plotted.
The error bars indicate the standard deviation for the three measurements by the different
operators. The repeatability, or twice the standard deviation between different scan conditions,
was 2.1% of the mean BV/TV, and contributed significantly to the total variance (p<0.001).
The operator reproducibility, or twice the standard deviation between operators, was 0.1% of
the overall mean, and did not contribute significantly to the total variance (p=0.06). For
comparison, the sample variance component was 13.9% (p<0.001).
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Figure 5.
The mean trabecular thicknesses (Tb.Th) for each cube sample and for each scan condition are
plotted. The error bars indicate the standard deviation for the three measurements by the
different operators. The repeatability, or twice the standard deviation between different scan
conditions, was 3.9% of the mean Tb.Th, and contributed significantly to the total variance
(p<0.001). The operator reproducibility, or twice the standard deviation between operators,
was 0.0% of the overall mean, and did not contribute significantly to the total variance (p=0.65).
For comparison, the sample variance component was 11.6% (p<0.001).
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Figure 6.
The mean trabecular separations (Tb.Sp) for each cube sample and for each scan condition are
plotted. The error bars indicate the standard deviation for the three measurements by the
different operators. The repeatability, or twice the standard deviation between different scan
conditions, was 3.2% of the mean Tb.Sp, and contributed significantly to the total variance
(p<0.01). The operator reproducibility, or twice the standard deviation between operators, was
0.5% of the overall mean, and contributed significantly to the total variance (p<0.01). For
comparison, the sample variance component was 19.3% (p<0.001).
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