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Quantitative analysis of bone and soft tissue by
micro-computed tomography: applications to
ex vivo and in vivo studies
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Micro-computed tomography (micro-CT) is a high-resolution imaging modality that is capable of analysing bone
structure with a voxel size on the order of 10 um. With the development of in vivo micro-CT, where disease progression
and treatment can be monitored in a living animal over a period of time, this modality has become a standard tool for
preclinical assessment of bone architecture during disease progression and treatment. For meaningful comparison
between micro-CT studies, it is essential that the same parameters for data acquisition and analysis methods be used.
This protocol outlines the common procedures that are currently used for sample preparation, scanning, reconstruction
and analysis in micro-CT studies. Scan and analysis methods for trabecular and cortical bone are covered for the femur,
tibia, vertebra and the full neonate body of small rodents. The analysis procedures using the software provided by
ScancoMedical and Bruker are discussed, and the routinely used bone architectural parameters are outlined. This
protocol also provides a section dedicated to in vivo scanning and analysis, which covers the topics of anaesthesia,
radiation dose and image registration. Because of the expanding research using micro-CT to study other skeletal sites,
as well as soft tissues, we also provide a review of current techniques to examine the skull and mandible, adipose tissue,
vasculature, tumour severity and cartilage. Lists of recommended further reading and literature references are included
to provide the reader with more detail on the methods described.
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Introduction data from different studies. This protocol aims to cover common
methods for sample preparation, scanning, reconstruction and
analysis that are currently used in micro-CT studies of bone
structure. Micro-CT has also become a popular tool to study
soft tissues, and this protocol also provides a brief review of
applications to adipose tissue, vasculature, tumour and
cartilage. Lists of recommended further reading and literature
references are included to provide the reader with further detail
on the methods described.

Micro-computed tomography (micro-CT) has become a
standard tool for the measurement and visualisation of bone
structure. With an attainable isotropic voxel size of <10 um, this
modality allows the three-dimensional (3D) nature of the bone
structure to be visualised and numerous bone structural
parameters to be quantified with a high degree of accuracy.
Owing to the small field of view and high radiation dose, in vivo
applications of micro-CT are limited to preclinical animal
studies. With in vivo micro-CT, bone structural changes can be
assessed over time in the same animal to monitor disease
progression and treatment efficacy. Itisimportant that standard ~ We begin this section with a description of sample preparation
scan settings and analysis regions are used in ordertocompare  for ex vivo scanning, followed by standard procedures for
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micro-CTscanning and analysis, which can be applied to either
in vivo or ex vivo scans. We then provide sections dedicated to
in vivo scanning, where issues such as anaesthesia, radiation
and long-term precision of measurements are discussed.

Ex vivo sample preparation

For ex vivo analysis of bone specimens from rodents, samples
are isolated, fixed in formalin for 24 h, washed in PBS and then
either stored in ethanol or frozen in sterile PBS at —20°C.
Alternatively, samples can be fixed in organic solvents, such as
alcohols or acetone. If the samples will be used for bio-
mechanical testing or histomorphometric analysis, freezing is
the best storage method." For scanning, samples should be
cleaned from surrounding soft tissue as much as possible and
placed in a sample holder. Sample holders should be trans-
parent to X-rays, of the right size according to the samples and
should allow for sample stacking when appropriate. Samples
can be scanned directly in medium, such as ethanol, saline,
formalin or oil. Any of these methods will serve to prevent
sample desiccation. For bone tissue, the attenuation properties
of the medium are not as critical as for soft tissues, where
scanning in aqueous medium can lead to loss of contrast. In-
house sample holders can be made from 1-ml syringes, cut at
both ends and adjusted to fit in the scanner.? Such holders are
ideal for scanning a stack of long bones, as 2-3 intact tibiae or 3
intact femora can fit at once (Figure 1). Alternatively, falcon
tubes can be used to hold the sample, which may be more
appropriate for lumbar spines or whole pups (Figure 1). To
prevent movement of the sample within the holder, it can be
wrapped tightly in parafilm or surrounded by a foam material.
Images should be checked to ensure that sufficient contrast
between the holder material and bone tissue is obtained.

Scanning procedure

General settings. Detailed descriptions of scan settings and their
effect on image quality have been described elsewhere;®>™
however, a brief description is given here. For scanning hard
tissue such as bone, the X-ray source should be set at a voltage
of 50-70 kV, with a current of 115-150 pA. This level of voltage is
optimal for establishing high-contrast images of bone with
minimal beam hardening. However, a lower voltage level may

be appropriate depending on the sample being scanned
(for example, for mouse neonates). To further reduce beam
hardening, a 0.5-mm aluminium filter is used for absorbing the
low-energy X-rays before or after they pass through the sample.
The rotation step, frame averaging and integration time can also
be adjusted to optimise image quality and scan time. The
rotation step is the angle between successive projections. The
frame averaging and integration time are the number of
repeated measurements and length of projection at each angle,
respectively. Reducing the rotation step, increasing the frame
averaging and increasing the integration time will allimprove the
image quality by increasing the signal-to-noise ratio, but will
result in larger scan and reconstruction times, larger file sizes
and higher radiation doses. Finally, reducing the voxel size will
allow for smaller structures to be visualised and quantified more
accurately, but it will also increase the scan time, reconstruction
time, file size and radiation dose. For accurate images of the
trabecular microarchitecture, a voxel size of less than 20 um in
rats or 10 um in mice is recommended.? However, in cases
where the trabecular microstructure is not being assessed,
larger voxel sizes may be more appropriate in order to reduce
the radiation exposure. The scout scan is used to select the
scan volume within the sample (Figures 2-4). Detailed
descriptions of the proper scan volumes are given in the
following sections.

Scan region: trabecular bone. Trabecular bone is most commonly
assessed at the proximal tibial metaphysis, distal femoral
metaphysis and lumbar vertebrae of the spine (Figure 2).
However, trabecular bone within the femoral neck can also be
analysed. The scans of the tibia typically start distal to the
growth plate and those of the femur start proximal to the growth
plate to capture the metaphyseal region. If the epiphyseal region
is to be analysed, the entire proximal or distal region can be
scanned.® In rats, the scan typically starts 1 mm away from the
growth plate to capture the remodelling, rather than modelling,
characteristics.®® In mice, scans often start at the growth plate,
as there is a smaller volume of bone available for analysis.'®
However, scans starting at a distance of up to 0.29 mm from the
growth plate have been reported.’ It is recommended to
minimise the scanning of the growth plate itself to avoid the
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Figure 1 Scout scan of sample holders with specimen. (a) Stack of entire tibiae; (b) stack of entire femora; (¢) lumbar spine; (d) entire 2-day-old mouse neonate.
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Figure 2 Scanned area for trabecular bone analysis at the proximal tibial metaphysis (a), distal femoral metaphysis (b) and fifth lumbar (L5) vertebra of the spine (c).

Figure 3 Area scanned for cortical bone analysis in tibial (a) and femoral (b) midpoints.

effects of radiation. The size of the scan in the axial direction
typically ranges from 1to 2 mm for mice'®"'2 and from 2 to 3 mm
for rats.®®'3 For the vertebra and femoral neck, the entire
regions are scanned, and specific analysis volumes are seg-
mented afterwards by the user.

Scan region: Cortical bone. Cortical bone is typically assessed at
the tibial or femoral midshaft (Figure 3).

Femur midshaft. The scan volume of the femoral midshaft is
centred on the midpoint of the long bone. This can be
determined as half the distance from the distal condyle to the
proximal point of the femoral head.® The scan region ranges
between 0.1 and0.7 mm for both mice and rats.?'"'*~"® If using
apercentage of the long bone length, 10-15% of the total length
is common.®'” In this case, it is recommended to scan a larger
region than needed and to calculate a subregion in the analysis
phase. The scan should still be centred at the midshaft of the
long bone, and the operator should take note of the total length
of the long bone.

Tibial midshaft. For the analysis of tibial cortical bone, the
reference line can be chosen at the midpoint of the long bone in
a similar manner to the femur but by using the proximal and
distal condyles as reference points.? Alternatively, the scan can
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begin at the tibia—fibula junction or at a specified distance (that
is, 0.3 mm) away from this point."” Again, if using a percentage
of total length, 10% is common.

Entire skeleton of mouse neonates. Whole skeletons of newborn
mice are assessed as close to birth as possible. This is typically
2-3 days old after collection and fixation (Figure 4).

Reconstruction
The 3D image stacks are reconstructed from the rotation image
projections, using the reconstruction software (Bruker (Kontich,
Belgium) provides the NRecon software, ScancoMedical
(Brdttisellen, Switzerland) provides the IPL software) that can
run on graphics cards using large-scale parallel processing and
multiple computers in a cluster to aid a faster reconstructing
process. The NRecon software allows the adjustment of three
reconstruction parameters: smoothing, beam-hardening factor
correction, and ring artefact reduction (Table 1). Optimal
settings for each parameter may vary from scanner to scanner,
but suggested settings for scanning mouse bones are shown in
Table 1. In particular, the settings for beam hardening should be
determined empirically.

NRecon software also allows the selection of the area to be
reconstructed. Areas that are of no interest should not be
reconstructed, as this will increase the size of the data set. On



Py

Quantitative analysis of bone and soft tissue by micro-CT
GM Campbell and A Sophocleous

the other hand, a slightly larger area than that required should be
reconstructed to ensure that critical data are retained. The
reconstruction occurs automatically in the ScancoMedical
system. It is possible to reconstruct images at a user-defined
angle; however, this procedure should be used with caution, as
it can decrease the accuracy of the mineral measurement.

Analysis

After reconstruction, the images can be analysed to obtain
quantitative information on the bone structure (Bruker provides
the CTANn software, ScancoMedical the IPL software). During
this process, regions must be chosen in a consistent manner, as
mass and structure can vary along the length of the bone.

Figure 4 Scanned area for whole skeletal analysis of a 2-day-old mouse neonate.

Table 1 Reconstruction parameters by the NRecon software

Landmarks that are easy to find in all scanned specimens
should be identified as starting points. The area to be analysed
from the reconstructed images for trabecular and cortical bone
is specified by the region of interest (ROI), which is typically
selected adjacent to the endocortical surface for trabecular
bone (Figure 5) or includes the entire bone for cortical bone
(Figure 6). ROl selection is achieved using a free-hand drawing
tool, and auto-interpolation between the different ROI levels
produces the total volume of interest (VOI) for all frames
selected. ScancoMedical provides an automated segmenta-
tion analysis that can be used to separate the trabecular and
cortical bone compartments.'® For the analysis of mouse
neonates, the VOI is stretched along the entire reconstructed
skeleton images using a regular circle as ROI (Figure 7).

The following sections describe typical VOI sizes and
locations used to analyse the trabecular and cortical bone of the
tibia, femur and vertebra. It should be noted, however, that there
is not one specific VOI location and size used consistently in the
literature. Itis therefore important to keep the following points in
mind when conducting the analysis of the scans. First, con-
sistent VOIs must be chosen for each animal or sample and time
point. This allows comparisons between groups and time points
to be analysed with confidence. Second, comparison of study
results with literature values should be only made to studies
using similar VOls (or the difference of VOlIs should be noted in
the paper).

Trabecular bone

Proximal tibia and distal femur. The entire scanned region of the
proximal tibia and distal femur can be analysed if the complete
volume is located away from the growth plate, as is normally the
case in rat bone. For mouse bones, where the scan may begin at
the growth plate to maximise trabecular volume, a subregion can
be chosen for analysis to ensure that the bone at the growth plate
is not included. For example, the most distal slice of the growth
plate can be identified and the analysis can be set to begin 20
slices away from this point.2 Contours are drawn manually in each
slice to separate the trabecular bone from the cortical wall, or an
automated segmentation procedure can be applied.'®

Vertebra. The majority of studies on the vertebra examine
the entire vertebral body.'"1415:1920  Ajternatively, some
researchers have specified a volume (for example, 2mm)
centred at the midline,® or they have used the growth plate as a
landmark.”2'22 As the mid-region is sparsely populated
with trabecular bone, and the bone volume density is inho-
mogeneously distributed throughout the vertebral body,
it is recommended to analyse the entire volume unless
the study question gives cause to focus on a specific
subvolume.

Parameter Description

Suggested setting

Smoothing Smoothes images and removes noise
Beam-hardening
factor correction
Ring artefact
reduction

the outside of the specimen

ring artefacts

Width; 1 pixel (however, it may interfere with fine details — in that
case do not activate smoothing)

Corrects for the absorption of lower-energy X-ray on 10-25% (optimal setting should be determined empirically)

Corrects for the nonlinear behaviour of pixels causing ~10
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Figure 5 Region of interest for trabecular bone analysis in tibial metaphysis (a), femoral metaphysis (b) and fifth lumbar (L5) vertebra of the spine (c).

Figure 6 Region of interest for cortical bone analysis in tibial (a) and femoral (b) midshaft.

Femoralneck. The analysis of the femoral neck provides more of
a challenge than other sites, as the longitudinal axis does not
normally align with the scan axis. This can be circumvented by
performing a principal axis alignment on a subimage containing
the femoral neck on the reconstructed image. This site can be
studied either in its entirety,'”2® or in a subregion (for example
0.15mm) centred at the narrowest point.®2*

Cortical bone. If the procedures discussed in section ‘Scan
region’ for midshaft scanning are followed for obtaining a
consistent scan size for each animal and time point, the entire
region can be analysed. However, if a percentage of the total
length is to be analysed, this is best done by creating a
subvolume on the reconstructed image. The middle slice in the
image can be found, and the total number of slices above and
below this point can be calculated for inclusion in the sub-
volume. It should be noted that if 3D methods are being used for
calculating the cortical thickness (that is, largest sphere
method),?® the axial dimension must be larger than the max-
imum possible cortical thickness. If this is not the case, the
thickness detected by the method will be limited to the axial
dimension. If the cortical thickness is to be measured on a
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volume with an axial dimension that is less than the cortical
thickness, two-dimensional (2D) methods must be used for the
calculation.

Choice of VOI size and location. To define reproducible VOIs for
analysis, landmarks such as the growth plate, midpoint or tibia—
fibulajunction are chosen as reference points. The choice of VOI
size depends on the skeletal site, but the inhomogeneous
distribution of the bone structure along the length should be
considered. In particular, at the proximal and distal ends of the
long bone and vertebra, the amount of trabecular bone volume
decreases as one moves away from the growth plate.
Therefore, larger VOIs will result in smaller values for para-
meters, such as bone volume. When deciding whether to
choose a fixed VOI size or a percentage of the bone size, this
can depend on the disease model. If adult animals with no
expected change in bone length are used, applying a fixed VOI
may be sufficient. If groups are expected to have conditions that
affect bone size, a percentage of the total bone length should be
used. For growing animals, a percentage should also be used
unless it is known that all of the animals will grow at the
same rate.
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Figure 7 Region of interest for the skeletal analysis of the entire 2-day-old mouse neonate specified by a regular circle. (a) A single frame showing spine and ribs. (b) A single

frame showing the skull.

Greyscale image

Thresholded image

3D Volume

Figure8 Greyscale (left) and binarised (middle) slices from a micro-CT image of the distal rat femur. The binarised images are stacked to form a 3D volume (right) for structural

analysis.

Entire skeleton of a mouse neonate. Reconstructed images from
the entire mouse neonates are used for analysis.

Settings of analysis parameters. Forthe analysis of bone structure,
the micro-CT images are binarised by setting a grey-level
threshold, above which voxels are considered bone and below
which voxels are considered background (Figure 8). Before

thresholding, images can be filtered using a Gaussian filter to
remove noise. Bruker’s CTANn software allows the adjustment of
analysing parameters such as filter, threshold and despeckle for
trabecular bone, and additional morphological operations for
closing the pores of the cortex for cortical bone analysis. In
ScancoMedical’s IPL software, sigma and support values are
chosen for the Gaussian filter (Table 2). A global threshold can
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Table 2 Micro-CT analysis parameters
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Parameter Description Suggested setting

Filter Removes noise Bruker: Median filter: 2D space, radius 1-2
Scanco: Gaussian filter: sigma 0.8-1.2 support 1-2
(~2 x sigma value)

Threshold Segments the foreground from background to binary Global; low level 100, high level 255

images
Despeckle/component Removes speckles from binary images Image; remove speckles <150 voxels
labelling

Morphological operations

Fills the holes and closes the pores of the cortex

Closing; 2D space, Kernel round, radius 3

Table 3 Output parameters for the trabecular bone

Table 4 Output parameters for the cortical bone

Parameter Abbreviation (unit)

Trabecular bone volume BV/TV (%)
Trabecular thickness Tb.Th (mm)
Trabecular separation Th.Sp (mm)
Trabecular number Tb.N (1/mm~")
Trabecular pattern factor Tb.Pf (mm~'

Connectivity density Conn.D (mm %)
Structure Model Index SMI

be chosen from the histogram data of the greyscale image. The
ideal threshold is the midpoint between the background and
bone peaks in the histogram when selecting the threshold
visually. However, the choice of threshold can vary from user to
user, and it can result in differences that are larger than the
experimental differences themselves.?® Therefore, global
thresholds should be chosen by one user and kept the same for
the entire study when large changes in tissue mineralisation are
not expected to occur. In cases in which changes in miner-
alisation do occur, automatic threshold methods can be
applied. For example, automated techniques have been
developed that detect the peaks from local histograms,?” or that
use region growing algorithms to select the threshold level.?®
These methods of thresholding may be more appropriate in
studies of bone mineralisation, or when bone volume is par-
ticularily small (<15%).2°

Output parameters. The output parameters for the quantification
of bone structure can be calculated using the built-in 3D
analysis software. These typically include trabecular bone
volume, trabecular thickness, trabecular separation, trabecular
number and the structure model index (Bruker and Scanco-
Medical), trabecular pattern factor (Bruker), and connectivity
density (ScancoMedical) (Table 3). For cortical bone analysis,
cortical bone volume and thickness are the most common
parameters calculated. Additional output parameters, such as
total cross-sectional area inside the periosteal envelope,
medullary area, periosteal and endosteal perimeter, pore
number and density can be calculated using a 2D analysis
operator (Table 4). The details of these parameters have been
described in detail elsewhere, ®2%30-32

3D visualisation. 3D models of trabecular bone, cortical bone or
whole mouse neonates are visualised using a 3D visualisation
software (Bruker provides the CTvol software, ScancoMedical
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Parameter Abbreviation
(unit)

Cortical bone volume Ct.BV (mm?)
Cortical thickness Ct.Th (mrr;)
Total cross-sectional area inside the periosteal Tt.Ar (mm?)
envelope

Medullary area Ma.Ar (mm?)
Periosteal perimeter Ps.Pm (mm)
Endosteal perimeter Ec.Pm (mm)
Pore number Po.N (n)

Pore density Po.Dn (per mm?®)

provides the uCT Ray software). These create 3D surfaces from
binary images (Figure 9).

In vivo studies

By scanning the same animal repeatedly, in vivo scanning
improves precision of temporal measurements and allows local
changes in bone structure to be calculated.”® However, live
animal scanning requires some adjustments to the scanning
procedure and may have limitations in terms of achievable field
of view, scan time and effects of radiation. These aspects are
discussed in the following sections.

Animal placement. A variety of sample holders exist for in vivo
scanning of rodents. The most common of these are full body
and tibia holders. The full body holders allow any skeletal site to
be scanned (for example the spine or hip, which are comparable
to fracture-relevant sites in humans), whereas tibia holders are
designed such that the proximal tibial region down to the
midshaft can be scanned. Although restricted to a small region,
tibia holders have the advantage that smaller fields of view can
be used, resulting in higher-resolution scans, and that the limbs
are more easily aligned. Regardless of the holder used, the
animal must be fixed in a stationary position in order to minimise
motion artefacts in the images. For tibia holders, this is generally
not a problem; however, some foam material can be placed
alongside the limb within the tube in order to ensure that the limb
is fixed. It should be ensured that the animal is completely
unconscious before scanning and remains so for the entire
duration of the scan. The following section explains anaesthesia
in more detail.

Anaesthesia. Anaesthesia can be administered via inhalation or
injection. Gas anaesthesia, for example, isoflurane gas, is
preferred to injectable anaesthetics, as it is less toxic to the
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Figure 9 3D images of 2-day-old mouse neonate (a), tibial trabecular bone (b), femoral trabecular bone (¢), vertebral trabecular bone (d), tibial cortical bone (e) and femoral

cortical bone (f).

Baseline VOI Follow-up VOI Registered VOIs

Follow-up VOI

Baseline '
Trabecular VOI

Follow-up Trabecular VOI
(transferred from baseline)

Figure 10 Procedure to transfer baseline scans onto follow-up. The VOI including
cortical and trabecular bone of the follow-up image is registered to baseline to generate
the transformation matrix [T] (top). The transformation matrix is then inverted and used
to apply the baseline VOI of a specific region (that is, trabecular bone) to the follow-up
scan for analysis (bottom).

metabolism of the animal and lasts for as long as it is admi-
nistered. If using injectable anaesthetics, for example, I.P. with
ketamine hydrochloride and medetomidine hydrochloride
cocktail followed by atipamezole hydrochloride for reversing
anaesthesia, it should not be administered more than once per
day. As mentioned in the previous section, motion artefacts can
arise if the animal does not remain unconscious during the entire
scan. With injection anaesthetic, this is generally easier to
ensure, as the animal continues to breathe the gas for the scan
duration. Rodents may develop a resistance to the anaesthetic
over an in vivo study, and thus the concentration of anaesthetic
given may need to be increased in the later scans. For injection

Proximal Tibia

Lumbar
Vertebra

[ | Resorption
M Formation

Figure 11  Subtraction images obtained by image registration of micro-CT images
at the proximal tibia and lumbar vertebra in a mouse at baseline and 14 days
postovariectomy. Localised bone formation (orange) and resorption (blue) can be
observed. This technique can be used to determine the amount and rate of bone
formation and resorption in vivo over a given time period.

anaesthesia, the operator should ensure that the scan does not
last longer than the duration of the anaesthetic effect.

Radiation dose effects. Exposing individual mice repeatedly to
ionising radiation may have a negative impact on the health of
the animal and may interfere with the physiology of bone
metabolism. On the other hand, increasing the radiation dose
will decrease the coefficient of variation in the measured X-ray
attenuation, thereby improving the precision of micro-CT
measurements.®® Increased precision can also be achieved
using larger voxel sizes, which reduces the ability to quantify the
bone structure. Researchers must therefore find a balance
between image quality and radiation effects in the design of
their experiments. Absorbed radiation dose is given in units of
gray (Gy), which is the absorbed energy in joules divided by the
mass in kilograms. The equivalent dose is a radiation-weighted
calculation that takes into consideration the type of radiation in

AUGUST 2014 |


http://www.nature.com/bonekey

Visceral fat

4

Lean Tissue

N QO

Subcutaneous fat

Quantitative analysis of bone and soft tissue by micro-CT
GM Campbell and A Sophocleous

(2]
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Subcutaneous fat

Figure 12 Segmentation of visceral and subcutaneous adipose tissue in a mouse. Regions of lean, visceral fat and subcutaneous fat tissue are shown in a tomographic slice (a),
and the corresponding visualisation of the segmentation is shown (b) with the inner visceral fat depicted in red and the outer subcutaneous fat depicted in semitransparent yellow.

Figure 13  Time-lapsed micro-CT image of the development of an osteolytic lesion in the distal femur of a mouse. Baseline (a) and follow-up (b) micro-CT image show the change
in bone structure over time. The fusion image (c) obtained after image registration depicts the natural bone growth in orange alongside the osteolytic bone loss in blue.

the calculation of risk to the patient. This is given in Sieverts (Sv),
and for X-rays, 1 Svis equivalent to 1 Gy. The maximum amount
of radiation that can be given in live-animal scans is referred to
as the lethal dose, or LD50/30, which is the whole-body
radiation dose killing 50% of the exposed population within 30
days of exposure.®® This is between 5 and 7 Gy in mice and
approximately 8 Gy in rats.®* Radiation becomes an issue for
in vivo scanning where repeated scans are made on the animal,
as it has been shown that the population survival time
decreases linearly with increasing whole-body dose.®*
Recovery from sublethal doses is possible; however, continued
exposure can impede this process.*® Some study on the
specific effects of radiation on rodent bone from repeated
micro-CT scans has been conducted. To date, radiation has
been observed to have no effect on the bone structure in rats
after 5-8 weekly scans at the proximal tibia, when doses up to
939mGy are administered.®®3 In adult mice, however, four
weekly scans at 860 mGy were shown to result in losses of 10—
20% BV/TV.%” In another study, the effect of three 776 mGy
scans, separated by 2 weeks, resulted in a 30% decrease in BV/
TV in 10-week-old mice.®® The same study showed that when
the dose was decreased to 434 mGy no radiation effects were
observed in young (4-week-old) or mature (16-week-old) mice.
Klinck et al.®” showed that the effect of the disease studied (that
is, ovariectomy) is higher than that of the radiation dose (loss of
40-50% BV/TV due to OVX vs 10-20% loss due to radiation),
indicating that inter-group comparison can still despite the loss
due to radiation. Although these studies report the effect of
radiation on the remodelling process, the effects on modelling
may be more severe. A study of fracture healing in rats has
reported that after a single dose of 900 rad (9 Gy) a delay of 4
weeks in the healing process occurs.®® Although these studies
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provide useful information on the limitations of micro-CT in
terms of radiation exposure, more research needs to be
conducted to determine the effect of radiation on longer study
protocols, other skeletal sites and on bone modelling at the
growth plate. In particular, growing animals and those used in
studies of tumour growth may be more sensitive to the effects of
radiation and should be studied further. Increased voxel size
and reduced rotation step, frame averaging and integration time
all reduce radiation exposure. It is recommended that inves-
tigators report the radiation dose rate in mGy in their
manuscripts.

Image registration. To achieve high long-term precision within
in vivo data sets, care must be taken to repeatedly scan and
analyse the same region at baseline and for each follow-up
scan. User error in the chosen region or changes in limb
alignment can introduce precision errors in the longitudinal
data. To improve precision in repeated micro-CT measure-
ments, image registration can be used. Image registration is a
procedure in which follow-up images are overlaid onto the
baseline (Figure 10) and can be applied in 2D or 3D space. 2D
image registration may be sufficient when limbs are well aligned
in the axial direction; however, this is often not the case (in
particular for full-body holders), and 3D image registration
procedures are recommended. The method generates a
transformation matrix that contains the rotations about and the
translations along the x, y and z axes that allow the follow-up
image to be transformed onto the baseline. By inverting the
transformation matrix and by applying it to the user- or
automatically defined VOI of the baseline scan, the VOI is
transferred to the follow-up image. This ensures that the
same region is analysed at each time point, and it has been
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shown to improve the precision of repeated micro-CT mea-
surements.®>*%2 |n addition, image registration can be used to
track changes in the structure of individual trabecular ele-
ments*® and quantify local changes in bone resorption and
formation in vivo.** Figure 11 shows examples of localised
bone resorption and formation in the proximal tibia and vertebra
of a mouse over the course of 14 days after ovariectomy to
induce bone loss. Registration methods are available in the IPL
software provided by ScancoMedical, but some knowledge of
the programming language is necessary. Example scripts for
application in IPL have been made available that can be
adapted to a specific in vivo study.*! Alternatively, commercial
software such as Amira (Visualization Sciences Group, Berlin,
Germany) and open-source software such as Imaged (US
National Institutes of Health, Bethesda, MD, USA, http://
rsbweb.nih.gov/ij/download.html), Osirix (The Osirix Founda-
tion, Geneva, Switzerland, http://www.osirix-viewer.com) and
the image toolkit (ITK, Kitware Inc., New York, NY, USA) can be
used to perform image registration.

Additional sites for measurement

The main focus of this paper is to provide a protocol for bone
structural analysis at the most common skeletal sites with
micro-CT. However, we also provide here a short review of
current techniques to image other bone sites, as well as
nonbone tissues with micro-CT. These include the measure-
ment of the skull, mandible and teeth, adipose tissue, vas-
culature, tumour tissue and cartilage.

Skull, mandible and teeth. The femur, tibia and vertebra are
commonly studied sites for osteoporosis and bone fragility
models; however, other bone sites such as the skull, mandible
and teeth can be imaged with high contrast as well. Teeth give
exceptionally good contrast in micro-CT images, as the enamel
is the hardest tissue in the body. Rodent models are ideal for the
study of tooth development, as their teeth continuously pro-
gress through all stages of development. Micro-CTcan be used
to assess the level of mineralisation*®*® and bone destruction*”
using similar scanning parameters as that of standard bone
sites. Furthermore, images of the entire skull can be studied to
assess craniofacial shape and abnormal growth.*&4°

Adipose tissue. Imaging of adipose tissue can be carried out by
exploiting the contrast differences between fat and muscle from
the micro-CT image. As the differences in attenuation prop-
erties of these two tissue types are not as large compared with
bone, a lower voltage is required to maintain contrast
(approximately 45 kV). The advantage of micro-CT scanning to
determine adipose tissue is that the size and number of adipose
depots can be determined with a large degree of accuracy,®
assisting in the study of conditions, such as obesity and
diabetes. Fat tissue does not have a thin and complex structure
as does bone, and therefore a larger voxel size can be used
(80 um has been found to be sufficient to distinguish between
adipose tissue and the muscle of the abdominal wall®").
Recently, a method has been developed to separate sub-
cutaneous and visceral fat using micro-CT.%" This has important
clinical implications, as visceral fat is associated more closely
with heart disease and other obesity-related complications. The
algorithm developed by Judex et al.®" is freely available at http://
bme.sunysb.edu/labs/sjudex/miscellaneous.html. An example
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of the separation of subcutaneous and visceral fat using this
method is shown in Figure 12.

Vasculature. Owing to the low radio-opacity, the study of
vasculature with micro-CT typically requires a contrast agent to
be injected. This enables the vasculature to be visualised and
quantified.®>*? With the use of contrast agents, the volume,
thickness and connectivity can be calculated using similar
techniques as those used for the assessment of bone
microstructure.®® This technique has been applied to model
vasculature in the hindlimb,* brain,®® lungs®® and heart.>” The
imaging of vasculature with micro-CT can also be used to study
tumour severity, as described in the following section.

Tumour tissue. As with vasculature, tumour tissue is not easily
visualised with micro-CT. Thus, techniques using contrast
agents, or examination of abnormal spacing within the bone
tissue (in the case of osteolytic lesions), can be applied to study
tumour severity. Assessment of the differences in vessel
volume, number and thickness allows for the distinction of
tumour vasculature from that of healthy tissue.®®%° In addition,
studies have shown that osteolytic lesions result in increases in
trabecular spacing and decreases in BMD and trabecular
number owing to the destruction of the bone tissue.®%%° It has
recently been shown that micro-CT is superior to radiography in
detecting osteolytic lesions.®* A current issue with assessing
tumour severity in osteolytic lesions is that they may occur in
parallel with normal bone growth. This may mask the bone loss
detected from the lesion as the overall change in bone mass
includes the bone growth as well. Image registration techniques
can aid in the ability to locate and assess osteolytic bone loss,
as this allows these regions to be observed through subtraction
images.®® An example of a subtraction image showing regions
of normal bone growth and localised bone loss due to an
osteolytic lesion is shown in Figure 13.

Cartilage. Contrast agents can also be used to image the
cartilage using micro-CT. The advantage of micro-CT in this
setting is that both the cartilage and subcondral bone can be
assessed within the same image. Cartilage imaging using
contrast agents and micro-CT gives accurate measurements of
cartilage thickness,®® and it has been used to track cartilage
degradation in vivo in a model of osteoarthritis in rats.®”

Discussion

This protocol provides information on the common procedures
currently used in micro-CT studies of bone microstructure.
Owing to the critical role it has in bone strength,®® accurate
assessment of the microstructure can provide valuable infor-
mation about disease progression and treatment efficacy in
preclinical research. With the average trabecular thickness in
rodents on the order of 50-100 um, images with voxel sizes of
approximately 10-20 um in three dimensions are required for
reliable quantification.®® This level of resolution is achievable
with micro-CT, thus providing highly accurate, nondestructive
and orientation-independent measures of the bone micro-
structure. Despite the achievable resolution, some trabecular
structures in rodents can be thinner than these average values,
and there will be a certain percentage of elements that are not
accurately represented regardless of the voxel size used. It is
therefore not possible to compare scans with different voxel
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sizes, unless the goal is to validate a specific technique toa gold
standard. In vivo micro-CTscanning allows for changes in these
parameters to be tracked in the same animal over time, which
increases the statistical power and reduces the number of
animals required for an experiment. However, issues pertaining
to anaesthesia, ionising radiation and limb misalignment that
arise with in vivo micro-CT studies must be considered. Image
registration is a powerful tool that can be used to increase long-
term precision and calculate local bone turnover in in vivo
studies, and can be used to solve some of the problems
associated with in vivo scanning. Finally, there is a growing body
of research using micro-CT to examine skeletal regions in the
skull and mandible, as well as soft tissues. Some of these
methods require contrast agents and apply similar analysis
techniques as those used for analysis of the bone structure.
When developing an experimental design for a micro-CT study,
one must carefully consider the skeletal site and choose a
region that enables appropriate comparisons to data in the
literature. A balance must be found between image quality and
administered radiation dose, with the realisation that large
doses may affect the parameters measured in the study.

Recommended Further Reading

Frequently Asked Questions for ScancoMedical customers are
available at http://www.scanco.ch/en/support/customer-login/
fag-customers.html. Customers are provided with the login
information by the company. This section addresses the
majority of user issues, and it provides educational information.
Example images and videos are available on the Scanco-
Medical website at http://www.scanco.ch/en/docs/images.
html. Information on the products and applications of the Bruker
(formerly SkyScan) systems are available on the company
website: www.skyscan.be

The following sources document the methods and standard
protocols for the analysis of bone structure with micro-CT in
further detail.

Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE,
Jepsen KJ, & Miller R. Guidelines for assessment of bone
microstructure in rodents using micro-computed tomography.
J Bone and Miner Res, 2010;25:1468-1486.

Helfrich MH, Ralston SH (eds.), Bone Research Protocols,
Methods in Molecular Biology, vol. 816, Springer Science +
Business Media, LLC 2012, Chapter 27.

Stauber M, Miller R. Micro-computed tomography:
a method for the non-destructive evaluation of the three-
dimensional structure of biological specimens. Meth Mol Biol,
2008;455:273-292.

Bruker. Automated trabecular and cortical bone selection
(Method note). See Supplementary File S1.

Bruker. Bone mineral density (BMD) and tissue mineral
trabecular density (TMD) calibration and measurement
by micro-CT using Brucker-MicroCT CT-analyser. See
Supplementary File S2.

Bruker. MN026 Rodent hind-limb positioning for in-vivo
microCT bone imaging. See Supplementary File S3.

Bruker. Quantifying adipose tissue (fat) in a mouse or rat by
in-vivo microCT (Method note). See Supplementary File S4.
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