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ABSTRACT

Microcomputed tomography (UCT) has evolved as a development of simple X-ray imaging into an indispensable tech-
nigue used in both laboratory research and clinical diagnostics. Commercially available systems are capable of creating
images at sub-micrometer resolutions to map out the complex web of trabecular bone in small animals, and offer an
accurate measurement of bone mineral density for patients at risk of osteoporatic fractures. This review describes the
development of UCT, its ability to analyze bone, and how it can be used alongside other clinical and laboratory tech-
niques. UCT offers a non-destructive aternative for imaging mineralized tissues with no required preparation and can

also be utilized with living specimen to track skeletal development.
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1. Introduction

There is often much to gain by redesigning and refitting
technology for use in other disciplines. Radiographic
imaging was first developed in the late 1800's, and has
evolved from its original state of X-ray imaging to in-
clude several techniques that can be used in a variety of
clinical and scientific arenas [1-3]. The early stages of
X-ray research were driven by developing light sources
used to image a sample. A typical radiograph image in
the body is produced due to differences in the attenuation
coefficient of materials with which the X-rays interact
(e.g. materials like bone, metal, or ceramics can better
attenuate X-rays relative to soft tissues or polymer-based
materials [4]). This difference in material density creates
the quintessential X-ray image that most people would
recognize from avisit to a hospital.

The advent of the modern computer processor in the
1960s allowed for the creation of a new technique known
as computed tomography (CT) in 1972 [5]. CT is credi-
ted to Godfrey Hounsfield, an English engineer working
for EMI Ltd, a company now known primarily as a pro-
minent record label [6,7]. This invention led to Houns-
field being awarded the Nobel Prize for Medicine along-
side physicist Allan Cromack in 1979 for their effortsin
developing this technology. Initial limitations of CT were

Copyright © 2013 SciRes.

the cost and physical size of the necessary equipment,
making the technology impractical for most laboratory
settings. Fortunately, the technology quickly evolved.
During the early 1980s, several micro-CT (uUCT) scan-
ners were created utilizing smaller, bench-top X-ray
sources. This advancement made the technology accessi-
ble to many more researchers. Another novel method,
synchrotron radiation, also came into use at this time and
was utilized to some extent [8]. While synchrotron sour-
ces are capable of easily reaching sub-micrometer (m)
resolutions, the limited availability of suitable synchro-
tron sources has greatly slowed growth in this area. Over
the last three decades, the use of UCT has grown expo-
nentially in scientific studies, showing how the prolifera-
tion of the technology has made it more readily available
to researchers. This exponential growth can be seen in
Figure 1, showing both the number of general CT stud-
ies as well as ones directly related to analyzing bone
samples.

Today, much of the research driving pCT devel opment
is moving towards improved resolutions for in vivo im-
aging of small animals and ex vivo scanning of tissues for
utilization in experiments related to fields that study dis-
ease, organ structure, and drug trestments [9-12]. The
first CT scans produced compelling results, giving im-
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Figure 1. Studies involving the use of uCT technology. The
above graph was created by performing a literature search
for keywords “micro CT” and “micro CT bone” within the
PubMed journal archives.

ages containing an 80 x 80 matrix of 3 mm x 3 mm x 13
mm voxel images of a patient’s brain [7]. A voxel repre-
sents a volume unit of material, similar to how pixels
represent unit surfaces. This imaging technique was of
great use for creating maps for surgeons to locate tu-
morous regions prior to surgery [13]. Moving forward,
the technique has been refined, improved and adapted to
be used in other parts of the body. Current bench-top
systems utilizing X-ray sources can create images on the
scale of several pum voxel size to just under the 1 pum
level [14], which allows researchers to look at some of
the smallest structures within a body.

2. Basic Operation

Details of the physical operation of a uCT could occupy
a full chapter in a book. Without going into too much
depth, the simplest form of a UCT scanner consists of
four major components: an X-ray source, a device to
convert X-ray signals into light, a stage to hold the
specimen, and a mechanism to either rotate the specimen
or the scanning array itself. There are severa ways to
arrange these parts, but the general form is used to ac-
complish the following. A thin X-ray beam is passed
through a specimen onto a detector where the image is
captured. This image is created by measuring the scat-
tered X-ray signals and reconstructing it into a single
image showing how the light was impeded by the speci-
men being scanned. The specimen or scanning array is
then rotated by a defined angular increment and another
image is captured. This process is repeated until images
have been captured for every angle step around the sam-
ple. The images are then reconstructed by software capa-
ble of converting this set of X-ray images into a series of
slices determined by the voxel dimensions. A variety of
analytical techniques can then be applied to the resulting
data set.
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The capabilities of a scanner are strongly influenced
by the power of the X-ray source and the ability to accu-
rately convert X-rays into light. Current X-ray sources
provide power levels ranging from 10 - 100 kVp, limi-
ting their maximum power to 100 keV [15]. A source
with higher power requires shorter exposure times and
could increase spatial resolution. Efficiency losses in the
conversion process can aso lead to degraded image re-
sults[16].

3. Bone Specific Applications of uCT
3.1. Bone Biology

Aswith simple X-ray radiography, CT acquisition serves
as an excellent method to image bone structures in the
body. An understanding of the macrostructure and orga-
nization of bone at the tissue level gives good insight into
how clinical CT scans can be useful for studying bones.
Bone itself is a hierarchical structure, with different or-
ganizational petterns at the nano, micro, and macro
scales (Figure 2).

At the largest length scales, there are two types of
bone structure: trabecular and cortical bone. Cortical or
compact bone largely makes up the shaft of each long
bone and forms a protective shell around the ends of long
bones and vertebral bodies in the spine. It serves as a
major contributor to supporting loads that are transmitted
through the shaft of long bones like the femur (thigh) or
humerus (upper arm). Trabecular or cancellous bone has
a different structure when compared to cortical bone, but
till serves vital purposes. Unlike the compacted cortical
bone, trabeculae create a web of small filaments inter-
woven inside a cortical shell, typicaly at the ends of long
bones. This porous web serves to reinforce these vita
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Figure 2. Bone exists as a multi-level material. Each level of
structure is organized in a different fashion from the one
above it. Study of trabecular and cortical structures
through uCT provides insight into the larger scale struc-
tural properties while smaller scales require different tech-
nigues to see how single molecules are organized in the tis-
sue. Image used with permission from: D.B. Burr and M.A.
Allen (Eds.), “Basic and Applied Bone Biology,” Elsevier.
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areas without greatly increasing the mass of the bone in
doing so. Trabecular bone is aso important for the other
major roles that bone plays in the body (i.e. mineral ion
homeostasis and hematopoiesis). The net result is that the
volume occupied by bone relative to the total volume in
trabecular regions is much smaller when compared to the
cortical structure (porosity of 80% - 85% in trabeculae vs.
2% - 5% in cortical bone) [17-19].

From an imaging standpoint, trabecular dimensions
can easily be 10 times smaller than the thickness of the
cortical shell (Figure 3), which can range from 5 - 8 mm
in humans [20], and as small as 0.2 mm in healthy mice
aged 8 - 11 weeks. [21]. In humans this may not seem
like such a small filament, but when considering rodent
models, the need for high resolution scans readily be-
comes apparent. For smaller mammals such as dogs or
mice, typical imaging studies have been performed with
resolutions on the scale of 5 - 15 microns [22], typically
fine enough to obtain structural information from trabe-
cular regions.

Apart from reduced resolution alias artifacts, the ima-
ging process itself can alter the image that is obtained
due to imperfections in the scanning process. Two com-
mon flaws are ring artifacts, and beam hardening. Ring
artifacts can occur from conditions such as having too
much dust on the detector system or damaged pixels
within the camera capturing the image [23]. Beam har-
dening is a different effect caused by ideal assumptions
not holding true with a real sample. As X-rays pass
through a bone, some of the energy of the photon is
absorbed and is not passed through to the detector. While
this is how X-ray images are obtained, this is aso how
beam hardening occurs. A typical uCT image is created
by using a polychromatic spectrum of energy. Ideally,
the energy absorbed by the sample would be the same
throughout the spectrum. However, it has been shown
that the lower energies are absorbed more by samples,
essentialy filtering the lower energy levels [24]. This

| — L
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Figure 3. A single left mouse femur scanned at (A) 8 um and
(B) 12 pum isotropic voxel resolution in a region 0.5 mm
superior to the distal epiphyseal plate. The cortical shell is
clear in both images, but increasing resolution exposes ad-
ditional, smaller trabecular fibers that would not be de-
tected by the lower resolution image.
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filtering causes the spectrum passed to the detector to be
more heavily weighted by the higher energy end of the
spectrum, creating the beam hardening effect. This effect
can be lessened by using filters (e.g. 0.1 mm foils of
Aluminum or Copper), before the sample or through soft-
ware manipulation of the images to restore the balance of
lower energy photons to the image [25]. Aside from
lessening unavoidable artifacts, other problems can arise
from metals absorbing too much energy, thus warping
the image. In addition, sample slippage can cause severe
alignment issues. While these problems can and do exist,
care can be taken to minimize unwanted effects to pro-
duce high quality images for quantitative analysis.

3.2. UCT Measurements

Analysis of the captured images produces several varia
bles related to the structure of the bone. Measurements
directly related to cortical bone include the cortical area,
average cortical thickness, total cross-sectional area, and
cortical bone volume fraction (BV/TV). Additionally, ge-
neral geometric measurements like width, diameter and
thickness also give information used to calculate material
properties. Area moment of inertia at a given location in
the bone can be used to normalize whole bone structural
properties from bending tests to obtain material-level
properties which are independent of the size/shape of the
bone [26,27]. This CT data set can be used to standardize
variables like toughness or stiffness to BV/TV [28]. If a
reference material is used during scanning, it is possible
to measure the volumetric bone mineral density (vBMD)
of a cross section, typicaly calculated in Hounsfield
units. Reference materials of known mineral density then
allow the user to convert these Hounsfield unitsinto units
of mass per unit volume (e.g. g/cm®).

Calculation and measurements taken from the cortica
envelope also give valuable structural information about
the bone. Different mineralization patterns within a bone
can create a higher BMD in particular regions, showing
how the materia can change as a function of location
along the length of the bone [29]. In vivo studies of these
surfaces can show growth or adaptation over time in an
animal without requiring the use of fluorochrome injec-
tions to track bone formation [30]. These types of studies
are generally limited to two discrete time points in order
to reduce the amount of radiation an animal must ex-
perience [31]. Scans done on anesthetized animals typi-
cally suffer from poor resolution in order to include the
entire skeleton. While it is possible to image whole ske-
letons at better resolutions, the size of the animals would
greatly increase the amount of time required to obtain
highly detailed images. Longer scans like these can lead
to excessive radiation exposure, arresting skeletal de-
velopment. Additionally, it is possible to track the pro-
gression of damage induced to a bone. Imaging done be-
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fore and after small deformation tests can be used to
show the propagation of small cracks through bones, but
requires higher resolution scans to track smaller cracks
[32]. For trabecular regions in the bone, BV/TV is con-
siderably lower due to the web structure. Measurements
such as the BV/TV or the surface density of the trabe-
culae (BS/TV) can be directly measured from the images.
Further analysis of trabecular structure includes counting
the total number of trabeculae (Th. N) as well as their
thickness (Th. Th) and the separation (Th. Sp) between
each filament in the web (Table 1). These values are all
derived from an ideal model that assumes the trabecular
structure takes on either a rodlike or platelike structure
[23]. Idealized rods or cones represent the two ends of
the Structure Model Index (SMI), a scale used to genera
lize the complex trabecular shape into something that can
be more easily modeled. Actual trabecular filaments fall
somewhere between these two geometric extremes, but
the ratio of the models existing within a region of interest
can give some idea as to what the genera structure is
within the trabecular region. These measured and derived
variables can be used to evaluate the overall health of the
specimen’ s bones to analyze the progression of a disease
State.

4. Applications

In medicine, bone health is evaluated primarily as a
means to track growth, detect fractures, and look for
signs of degenerative bone diseases. While fractures and
growth can typically be seen with standard X-rays, early
detection of degenerative diseases can require more rig-
orous imaging. Several techniques exist to accomplish
this, and do so with varying degrees of accuracy. Detec-
tion of osteoporosis is often done through a measure of
BMD after a fracture has occurred [33]. Patients with
known risk factors are also assessed in order to have a
baseline BMD prior to receiving pharmaceutical inter-
ventions (e.g. bisphosphonates or teriparatide) [34].
Dua-Energy X-ray Absorptiometry (DEXA) is a tech-
nique created in the late 1980's [35] that is capable of
measuring BMD in the clinical arena. However, it is only

capable of performing areal analysis of BMD, limiting its
usefulness in evaluating the whole bone [36]. This weak-
ness is due to a proportiona link between mineral con-
tent and total bone area. DEXA relies on a projected area
to calculate BMD, so there are often size-related artifacts
[37]. Misinterpretation of these data can cause misdiag-
nosis of osteoporosisin any patients with a smaller skele-
tal structure, especialy children [38]. Another technique,
Peripheral Quantitative Computed Tomography (pQCT)
exists as a clinical application of CT scanners [39].
pQCT is capable of performing volumetric BMD analy-
sis of extremities to better detect signs of osteoporosis,
but does so at lower resolutions than a traditional uCT
[40].

Orthopaedic research as afield is spanned by multiple
disciplines, included but not limited to biology, me-
chanical engineering, tissue engineering, biomedical en-
gineering, and cell mechanics. uCT can be utilized for
bone imaging to some extent for research within al of
these fields. While imaging a single bone may be useful
for mechanical testing purposes, imaging an entire ani-
mal can show skeletal growth as a whole. Single bone
imaging as shown in Figure 3 can demonstrate how a
disease state can perturb the whole bone structure. In
comparison, whole animal imaging can be done at multi-
ple time points to track how a disease affects overal
growth of the entire skeleton [41]. The maor limiting
factor for doing thisis alossin resolution due to a larger
scanning field. A secondary concern for research as well
as clinical applications is the radiation exposure experi-
enced by the patient or specimen. For humans, a typical
chest X-ray has radiation exposure at 1 - 25 mSv [42] (1
Sv =1 Gy), while afull body CT scan can range from 5 -
15 mSv [43]. However, DEXA and pQCT techniques
only have exposures of 2.5 uSv and 0.3 - 1 mSv respec-
tively [44]. Comparatively, in vivo pCT for mice speci-
mens is as low as 0.4 - 1 mSv for a given full body in
vivo scan [15].

Imaging bone is not necessarily limited to the miner-
alized structure. Within each bone exists a complex net-
work of blood vessels that provide support to surround-

Table 1. List of common measurementsand their associated descriptionstaken from orthopaedic uCT scan.

Abbreviation M easur ement Definition Units
BVITV Bone volume fraction Ratio of measured bone volume to total tissue volumein region %
BSTV Bone surface density Ratio of measured bone surface to total tissue volumein region mm?/mm®
Th.Th Trabecular thickness Average thickness of trabecular rods/cones, calculated by 3D analysis Mm
Th. Sp Trabecular spacing Average space between trabecular rods/cones Mm

Th. N Trabecular number Average number of trabeculae per unit length 1/mm
SMI Structure model index Measure of trabecular structure, ranging from O (plates) to 3 (cylindrical rods)
Copyright © 2013 SciRes. ACT
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ing tissues. Smaller capillaries in bone carry preosteo-
blast and preosteoclast cells [45] that proliferate to drive
remodeling. Using injections of barium sulfate (BaSO,),
it has been shown that mapping the previously unseen
blood vessels within the mineralized structure is possible
[46]. BaSO, is a heavy metal compound that strongly
absorbs X-rays, appearing bright white in a CT image,
but is generally safe as it has very low solubility in the
body. It is also commonly used for gastrointestina diag-
nostics, creating a bright map of a patient’s intestines.
Understanding this vasculature may provide more insight
into what drives the process of bone remodeling.

In tissue engineering of musculoskeletal tissues, re-
search efforts are often targeted towards creating a tissue
scaffold in vitro to be implanted to replace or repair
damaged or missing tissues in vivo. Included in this are
scaffolds that attempt to create mineralized growths in-
side a polymer structure [47]. When imaged, the attenua-
tion due to the polymer is negligible compared with min-
eral, effectively removing it from the image. This feature
allows researchers to monitoring how the mineralized
scaffold changes over time to determine when it would
be feasible to be utilized as an implantable materia or
how that material is being remodeled and broken down.
Often times when performing a bone study, it is neces-
sary to destroy a sample during large-scale mechanical
testing. While these tests provide insight into material
properties, there are other, less destructive tests that
could potentially produce relevant results. CT mapping
can be utilized to a great extent to create three-dimen-
sional models (Figure 4) for finite element analysis
(FEA) packages such as ANSY S or COMSOL [48]. The
images can be imported into the software and used to
create a three-dimensional model that is then subjected to
theoretically relevant loading conditions. However, bone
is not homogeneous as both the material and structural
properties vary as a function of location in the bone [49].
In typical engineering materials, elastic modulus shows
the material’s ability to resist deformation, and is a mea-
sure of material strength in general. FEA packages can

Figure 4. Pictured here is a right tibia and fibula from a
mouse, imaged using a UCT scanner, reconstructed, and
reformed into a three-dimensional image. This is actually a
collection of several hundred images stacked together to
form a single structurethat can be analyzed in various ways
with modeling softwar e packages.
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use this value to predict how a structure might deform
when subjected to arbitrary forces. While estimates of
elastic modulus can be made from the literature, coupling
this modeling with a non-destructive test for modulus
alows for more accurate cal culations to be made.

5. Future Directions/Technologies

Similar to the consumer digital camera market, the main
factore driving CT development is to create images faster,
and with higher resolutions [14]. Synchrotron radiation
sources can serve this purpose, as they can deliver twice
as much energy as a standard X-ray source [50]. How-
ever, the need for a dedicated facility containing a large-
scale particle accelerator to create this synchrotron beam
has severely limited its availability. While these sources
have shown imaging potential below the 1 um threshold
[8], the proliferation of this technique has been slow. In
addition, other non-synchrotron based CT systems (Phoe-
nix Nanotom S from GE, SkyScan 2011 Nano-CT from
Bruker) are now capable of obtaining resolutions below
500 nm (closer to 150 nm voxel sizes in some cases).
These new system are able to achieve such high resolu-
tions due to advances in increasing the energy output of
the main limiting factor in CT, the X-ray source. While
there are other small things that can be done to enhance
resolution, some amount of energy will always be absor-
bed by the specimen being tested and the walls of the
cabinet. Current existing light sensors are already highly
efficient, reducing the chances of improving the latter
aspects of CT design.

Other growing technologies could open new avenues
for pCT uses in bone studies. Transcutaneous micro
scale indentation has recently become possible through
new clinical testing techniques [51,52]. Measurements
taken from such a device could theoretically be used
along with CT to create better physiological models of a
bone under loading conditions. This could reduce the
number of animals required for scientific studies, or po-
tentially create new clinical measures to quantify bone
health or diagnose disease which are superior to areal
bone mineral density.

Computed tomography still possesses considerable
room to grow in the ever-widening scientific community.
While radiology has existed for well over a century, CT
imaging has continuously shown advancement in the
field sinceits inception. uCT, and the emerging nano-CT
provide great insight into the structure, development, and
growth of not only bones, but al tissues within the hu-
man body. This field will continue to grow and will be
utilized far into the future.
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