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Background

X-ray computed tomography (CT) systems with high res-
olution (also known as micro-CT systems) have been
developed over the last 3 decades and have been used with
great success in small-animal studies. A micro-CT scanner
is based on the same underlying physical principles as a
clinical CT scanner, but it is designed for higher-resolution
imaging. It produces three-dimensional (3D) tomographic
data at microscopic resolution (voxel size � �100 mm3) by
taking hundreds of two-dimensional (2D) projections from
multiple angles around the animal [1]. The X-ray source
produces a cone beam, which is projected through the
specimen with the resultant radiographic density of the
specimen projected onto a 2D detector. The projections are

used by a reconstruction algorithm that is generally based
on the filtered back-projection [2] (see Fig. 4.1).

The resultant micro-CT scan is a 3D matrix of voxels
with values proportional to the mean linear attenuation
coefficient of the material within each voxel; the 3D matrix
can be sliced in any orientation to reveal different views of
the anatomy.

The historical development of useful micro-CT systems
required that several technological advances take place first.
Hounsfield’s pioneering demonstration of CT employed a
relatively simple experimental arrangement consisting of a
single collimated beam of X-rays, a single stationary de-
tector, and a mechanical stage to translate and rotate the
specimen so that radiographic projections of the beam
through the specimen could be taken at multiple angles.

FIGURE 4.1 Schematic diagram of micro-CT system with rotating gantry. The X-ray source generates an X-ray beam that passes through a mouse
placed on a table and the radiographs, or projections, are captured on the opposite side by an X-ray detector. The projections are used by an algorithm to
provide tomographic images.
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That same geometry as used by Hounsfield was employed
by Kujoory et al. in 1980 [3] to construct the earliest small-
animal images by replacing the single photomultiplier with
radiographic film, thereby providing a much finer sampling
of the projection data. Feldkamp et al. [4] took a major step
by introducing an area detector capturing 2D projections at
multiple angles thus introducing the possibility of 3D im-
aging. Using geometric magnification, the system resolu-
tion was extended over a very limited field of view to scan
tissue specimens at 30 mm isotropic spatial resolution. The
geometry required the use of a very small radiographic
focal spot (5 mm) with the associated low radiation flux. In
parallel with this effort, Flannery et al. [5] developed a
similar system for specimen studies. They used a syn-
chrotron source, which provided substantially greater flux
and used novel X-ray optics to produce a parallel beam,
again over a very small field of view.

The growing interest in small-animal models and the
development of new X-ray detectors stimulated the
considerable development of dedicated small-animal scan-
ners in the 1990s. Most of these systems used CCD-based
detector arrays, microfocus X-ray tubes, and had recon-
structed image resolutions between 20 and 100 mm.
Holdsworth et al. [6] and Boone et al. [7] described dedi-
cated systems in 1993 followed by an early commercial
prototype developed by Paulus et al. [8]. Nowadays, the
micro-CT systems have become highly sophisticated; they
mostly use CMOS flat-panel detectors and X-ray sources
with focal spots w10 mm, and have the ability to scan a
whole mouse in less than 1 min.

System Components

Basically, a micro-CT system consists of an X-ray source
and an X-ray detector that generates 2-D projection images.
These key components determine the characteristics of the
acquired image data and are briefly described here.

X-ray Source

The X-ray sources typically consist of an external high
voltage supply, a filament, electron optics, and an anode
encapsulated in an evacuated glass envelope. The filament
produces electrons, when heated by an electric current,
which are accelerated by a potential difference of up to
150 kV and focused to a fine focal spot on the anode. The
electrons decelerate and stop in the anode material (typi-
cally tungsten), converting their kinetic energy to heat and
X-rays. Less than 1% of the electron kinetic energy is
converted to X-rays. The X-rays then typically travel out of
the housing through a beryllium window. An aluminum
filter is normally placed over the exit window to remove
low-energy X-rays thus “hardening” the X-ray beam and
therefore reducing the additional dose to the subject. The

maximum X-ray energy in the spectrum is given by the X-
ray source operating voltage. The low-energy shape of the
spectrum is determined by the thickness of the aluminum
filter, with thicker filters removing more of the low-energy
spectrum.

Most of the commercial micro-CT scanners use
microfocus X-ray tubes with focal spot sizes between 5 and
50 mm [9] in a rotating gantry design. The photon fluence
rate from a given focal spot is proportional to the focal spot
size (wfsn) where n ranges between one and two [10]. The
fluence rate from an X-ray tube is linearly related to the
current and the maximum continuous current is limited by
the thermal capacity of the focal spot. Thus, systems with a
microfocus X-ray source require longer exposure times to
achieve comparable fluence to the large focal spot X-ray
tubes. An increase in the number of photons is required
to provide a higher signal-to-noise ratio, leading to
improved low contrast resolution. When radiation dose is
not an issue, microfocus X-ray tubes can yield very high-
resolution imaging for ex vivo samples or in vivo speci-
mens associated with minimal biological motion. For
example, micro-CT has been used to image isolated, fixed
specimens such as a rodent heart with 25 mm spatial reso-
lution [11] resulting in a 3D reconstruction of the heart with
superb anatomical detail. In vivo small-animal imaging of
moving organs becomes more challenging for systems us-
ing a small size focal spot. While some physiologic mo-
tions (e.g., breathing) may not require extremely short
exposure times, cardiac imaging requires exposure times on
the order of 10e15 ms to minimize the blurring. However,
this is challenging with microfocus X-ray tubes. A solution
for cardiopulmonary micro-CT imaging was proposed [10]
by using a clinical angiographic X-ray tube with a rotating
anode tube and large focal spot sizes (fs ¼ 0.3 and 1 mm)
capable of achieving high fluence rates. Thus, it is possible
to achieve a fluence rate at the detector 250 times that of a
microfocus-based micro-CT system. A few commercial
systems with a rotating gantry design have adopted the use
of these large focal spot X-ray sources [12e15]. These
systems use diagnostic X-ray tubes with focal spot sizes of
0.7 mm [13] or 0.5 mm [16].

For ex vivo imaging of small biological samples at very
high magnification, the need for very small focus is more
important because it represents a major influencing factor
of the spatial resolution. Reflection-anode X-ray tubes with
focal spots in the range of 5e20 mm are available on the
market. Alternatively, Cao et al. have investigated the use
of a compact field-emission microfocus X-ray source based
on carbon nanotubes [17,18]. In this type of source, the
metal filament cathode is replaced by a field-emission
cathode that is capable of emitting electrons at room tem-
perature with voltage-controlled output current [19].

There are two possible systemdesign geometries inmicro-
CT imaging: (1) rotating gantry (tube and detector) and (2)
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rotating specimen. All of the current commercial systems for
in vivo scanning use the rotating gantry geometry, that is, they
are scaled versions of the clinical CT scanners. Using this
design, the X-ray tube and detector, which are mounted on a
gantry, rotate around an axis, while the animal lies stationary
on a table between the tube and detector. For most of these
systems, the source-to-object distance is comparable to the
object-to-detector distance. Positioning the object closer to the
X-ray source allows for an increase inmagnification, which in
turn allows for an increase in resolution (provided that the
system is based on the use of a small focal spot X-ray source).
The penumbra blurring describes the unsharpness produced
by the X-ray tube focal spots. The resolution limit due to
penumbral blurring in the projection plane is related to the
focal spot diameter and source-to-object and object-to-detec-
tor distances.

If these distances are comparable, as in most of the
rotating gantry systems, the penumbra blurring becomes
comparable or larger than the size of the focal spot and could
compromise the spatial resolution, if the system uses a large
focal spot tube. In the case of systems with a rotating spec-
imen used in most ex vivo scanners, the X-ray source and
detector are stationary. Such systemdesign ismoreflexible in
changing the magnification by changing the position of the
specimen. The specimen could also be placed closer to the
detector, resulting in the reduction of penumbra blurring to
less than the focal spot size. In this configuration, larger
focal-spot tubes that provide greater X-ray fluence, and
therefore enable shorter exposure times, can be used.

X-ray Detectors

There are two categories of micro-CT X-ray detectors: (1)
energy-integrating detectors (EID) and (2) energy-
discriminating photon-counting detectors (PCD). The major-
ity of detectors used in micro-CT scanners are EIDs. Most
micro-CT systems to date employ digital flat-surface 2D de-
tectors leading to a cone-beam scanning geometry. Early
prototype micro-CT systems employed X-ray image in-
tensifiers read by charge-coupled devices (CCDs) [6,7,20].
Later in the mid-1990s, combined detection systems made up
of scintillator screens coupled toCCDs viafiber-optic bundles,
with various demagnifying ratios, became the standard for
micro-CT imaging [21,22]. In this design, light producedwhen
a gadolinium oxysulfide or thallium-doped cesium iodide
(CsI:Tl) phosphor screen on the face of the detector is focused
onto a smaller CCDdetector through thefiber-optic taper. This
design takes advantage of the maturity of CCD technology to
produce detectorswith low electronic noise, large (>107) pixel
counts, and excellent stability. The method is limited, how-
ever, by the cost and size limitations of thefiber-optic taper, by
light loss in tapers with large minification factors, and by a
need to correct for distortions induced by the fiber-optic taper.

Advances in complementary metal-oxide semi-
conductor (CMOS) technology led to the production of
large-area detectors with high frame rates, which are still
the most widely used systems for in vivo, small-animal
imaging [23,24]. For both CCD and CMOS EID systems,
the spatial resolution is determined by the characteristics of
the scintillating layer and the size of the pixel elements.
When used to image a standard line-pair phantom for res-
olution characterization, widely used scintillators provide
resolutions between 10 and 20 line pairs per millimeter
(25e50 mm resolution). Pixel sizes range from 10 to
50 mm. Together these parameters set the typical intrinsic
resolution of widely used X-ray detectors between 25 and
70 mm at the face of the detector. The resolution of the
acquired images can be improved significantly through
magnification but penumbra blurring should be kept into
account. Frequently, the X-ray source and detector are
placed on computer-controlled movable stages to allow the
operator to select the magnification factor and field of view
on a scan-by-scan basis.

The energy-discriminating PCDs are the subject of
intensive research [25]. In fact, micro-CT is the testing
stage for spectral CT using PCD. PCDs with energy
binning can improve CT performance by counting and
binning each X-ray detected into a number of energy bins
equal to the number of energy thresholds per pixel. PCDs
allow for the elimination of dark noise in the image by
rejecting all counts below the signal and also allow for
spectral separation. Sensor materials for PCDs include
Silicon (Si), Gallium Arsenide (GaAs), and Cadmium
Telluride (CdTe) with pixel sizes as small as 55 mm [25].
Yet, there remain technical limitations related to charge
sharing and pulse pile-up that preclude their immediate
replacement of conventional, EIDs for CT applications
[26]. Among the best available PCDs, the Medipix de-
tectors have a small pixel size and are best suited for im-
aging of small animals in preclinical applications [25,27].
Medipix is a series of PCDs for X-ray microimaging from
the Conseil Européen pour la Recherche Nucléaire [28].
There are already multiple generations of this PCD. Med-
ipix1 had a pixel size of 170 mm � 170 mm Medipix2
reduced the pixel size to 55 mm � 55 mm. The performance
of Medipix2 was limited by charge sharing over neigh-
boring pixels, compromising energy resolution. Medipix3
addressed this problem using a photon-processing chip with
special circuitry to allow charge deposition in adjacent
pixels to be summed and analyzed with two simultaneous
energy thresholds and without spectral distortion [27]. The
readout logic supports eight energy thresholds over
110 mm � 110 mm for spectroscopic imaging. A commer-
cially available micro-CT system (MARS; University of
Canterbury; Christchurch, New Zealand) is equipped with
Medipix3 detectors.

Principles of Micro X-ray Computed Tomography CHAPTER | 4 49



Reconstruction Algorithms

All CT image reconstruction algorithms solve an inverse
problem that maps cone-beam projection data to a 3D
tomographic representation of the specimen [29]. Before
reconstruction, the projection data are corrected for back-
ground or “dark” signal and are normalized by a “bright-
field” projection or a projection image acquired without
any attenuating material between the X-ray source and the
detector. The dark-field projection characterizes charge
accumulation in the detector typically due to thermal phe-
nomena unrelated to the image acquisition, and the bright-
field projection characterizes the nonuniform system
response due to variations in detector sensitivity and X-ray
source flux density. A normalized projection is obtained by
taking the ratio of the projection and the bright field after
the dark field is subtracted. There are a variety of tech-
niques that can be used to reconstruct the normalized pro-
jection data. The optimal image reconstruction approach
will vary depending on the geometry of the CT scan and the
application at hand.

In general, the categories of reconstruction algorithms
are characterized by the trajectory used during data acqui-
sition and the computational methods used to generate the
images. There are two basic trajectories used in micro-CT
scanning that is: (1) circular and (2) helical. A circular
orbit is the simplest but has the disadvantage that for cone-
beam CT, it provides incomplete data, causing recon-
struction errors. The extent of the error is dependent on the
cone angle of the system (i.e., the angle of the X-ray axial
direction of the CT scanner) and the type of algorithm used.
To generate a complete or sufficient set of data in a cone-
beam X-ray CT system, Tuy [30] has shown that every
plane that passes through the imaging field of view must
also cut through the orbit of the focal point (i.e., the center
of the 2D detector) at least once. Although a circular orbit
does not satisfy this condition, a helical orbit can meet this
requirement. In a helical orbit scan, data are acquired when
the subject is translated in parallel with the CT system’s
axis of rotation, whereas the X-ray source and the detector
rotate around the subject. In addition to meeting Tuy’s
requirement for data sufficiency, a helical orbit can reduce
ring artifacts.

There are two major types of algorithms: (1) filtered
back projection (FBP)-based algorithms, and (2) iterative
algorithms [2]. In the second category, we also include the
statistical reconstruction algorithms. The most commonly
used reconstruction algorithms in CT and micro-CT are
analytical and based on FBP. In FBP, the acquired 2D
cone-beam projections are filtered, using a convolution
kernel that reduces the blurring inherent to the back-
projection process, and then they are back-projected (i.e.,
smeared back) through the object space at the appropriate
angle to generate an image. While first developed for 2D

imaging (parallel or fan beam), convolution back-
projection was adapted by Feldkamp [4] to compensate
for the cone-beam geometry. This method forms the basis
for the reconstruction algorithms used in most current
micro-CT systems. While Feldkamp’s algorithm is
considered to be an approximation, since the circular
sampling trajectory does not satisfy Tuy’s data sufficiency
condition [30], the quality of the reconstructed images is
acceptable if the cone angle <10 degrees [1], except for
very unusual object configurations [31].

FBP algorithms are relatively easy to implement and
also have short reconstruction times. When the number of
projections available for reconstruction is limited and/or the
projections are very noisy (e.g., low-dose scanning), both
iterative and statistical reconstruction algorithms can pro-
vide notably better image quality than FBP. Reduction in
the number of views translates directly to reduced radiation
dose to the animal. Furthermore, it is sometimes not
possible to acquire projections with regular-angular sam-
pling for dynamic imaging such as in cardiac studies. In
such cases, the reconstruction is affected by artifacts when
FBP is used.

Iterative algorithms, such as the algebraic reconstruction
technique [32], present an alternative to FBP with the po-
tential for robust reconstruction given less than ideal pro-
jection data [2]. With such algorithms, the reconstructed
volume is refined by repeatedly comparing simulated
reprojections of the reconstructed volume with the original
projections. The typical flow of an iterative reconstruction
algorithm is to: (1) generate an estimated image solution,
(2) forward project the solution to generate a calculated set
of “pseudo-projections,” (3) compare the “pseudo-
projections” with the acquired projections, (4) adjust the
estimated image solution based upon this comparison, and
(5) repeat the process until a predefined convergence cri-
terion is met.

The most pressing challenge in the iterative recon-
struction of micro-CT data lies with numerical difficulties
surrounding matrix inversion of large data sets and with the
time required to complete the iterations.

Artifacts from FBP reconstruction with an irregular-
angular distribution of projections manifest as long thin
streaks and shading artifacts. Total variation (TV) regula-
rization has been recognized for its ability to suppress ar-
tifacts while leaving boundaries between homogeneous
regions intact [33]. TV regularization can be interleaved
with iterative reconstruction algorithms such as the simul-
taneous algebraic reconstruction technique.

In Fig. 4.2, we illustrate the power of iterative recon-
struction compared to simple FBP in cardiac micro-CT with
reduced number and irregular-angular distribution of pro-
jections associated with retrospective cardiac gating stra-
tegies [34]. The iterative reconstructions were performed
using a 4D (3D þ Time) reconstruction technique based on
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the split Bregman method that minimizes bilateral TV.
With iterative reconstruction, the artifacts are alleviated and
the noise is reduced.

Statistical image reconstruction is another class of iter-
ative reconstruction algorithms, first introduced for trans-
mission imaging in nuclear medicine, but also applied for
CT reconstruction [35]. In essence, these algorithms treat
the reconstruction as a statistical estimation problem and
have the advantage that they can accurately model Poisson
noise in the projection data.

In CT imaging, the reconstructed values are given in
Hounsfield units (HU) or CT numbers that serve as a
normalized description of a material relative to water.
Typically, air is reconstructed with a value of �1000 HU,
water has 0 HU, and bone is above 1000 HU.

The CT number offers two advantages over the raw
attenuation coefficient. First, by normalizing to water, some
reduction in measurement variation between scanners is
achieved. Second, by scaling the normalized parameter by
1000, it becomes possible to report the quantity as an
integer rather than as a floating-point number, reducing file
sizes, and increasing computational efficiency.

Protocol Considerations

One of the most important advantages of any small-animal
in vivo imaging technology is the ability to study the ani-
mal longitudinally. For this reason, it is critical that the
imaging protocol has a negligible effect on the health of the
animal and the outcome of the experiment. The
anesthesia, radiation dose, and contrast media must be
carefully selected to ensure that the study is minimally
invasive.

Anesthesia

High-resolution in vivo imaging requires that the subject be
immobilized during the scan; this is typically accomplished
by anesthetizing the animal. Commonly used anesthetic
agents include isoflurane, ketamine/xylazine, pentobarbital,
and tribromoethanol. The current trend is for most imaging
studies to be performed using the inhalation anesthetic,
isoflurane.

Radiation Dose

One of the major limitations of X-ray CT imaging is
exposure to radiation. High radiation doses are required for
high-resolution CT scans. Signal-to-noise ratio in CT is
inversely proportional to the square root of the number of
X-rays passing through each voxel. As voxel size de-
creases, the number of X-rays necessary to maintain a
constant signal-to-noise ratio increases significantly. In
planning micro-CT studies, a balance must be made be-
tween desired image quality and radiation exposure.

X-ray radiation exposure can lead to biological damage
and long-term health effects [36]. The LD50/30 radiation
dose in mice (the dose required to kill 50% of mice within
30 days) depends on many factors, but tends to be between
5 and 8 Gy [37,38]. The typical radiation dose for a single
micro-CT scan can vary widely and reported values in the
literature range from 0.017 to 0.78 Gy [37]. Rodents have
the ability to repair damage from low doses of radiation
(w0.3 Gy) over the course of several hours [39], so most
low-dose micro-CT scans should have limited biological
impact, even when the same animals are longitudinally
scanned over the course of a study. But for higher-dose
scans, longitudinal imaging can potentially lead to a

FIGURE 4.2 Analytical FBP versus iterative reconstruction. Conventional FBP algorithms lead to excessive image noise for a low number of
irregularly angularly distributed projections as in cardiac micro-CT studies using retrospective gating reducing the visibility of structures. A more so-
phisticated iterative reconstruction reduces the streak artifacts considerably. The yellow arrow indicates papillary muscles that are not even distinguishable
with FBP reconstruction due to artifacts.
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cumulative dose that could affect biological function
(particularly immune function and tumor response) and
long-term health [36]. Therefore, careful consideration
must be made to determine the optimal imaging protocol
for each individual application to minimize the effects of
radiation dose on the experiment. With additional advances
in micro-CT technology and reconstruction algorithms,
radiation doses should further decrease, which will help to
overcome radiation as a limitation of micro-CT imaging.

Contrast Media

Because of the lack of inherent contrast for soft-tissue
imaging, the majority of CT scans make use of high
atomic weight contrast agents. In current clinical practice,
iodine is the most commonly used element for intravascular
CT contrast. Iodine contrast agents are made up of water-
soluble aromatic iodinated compounds. These compounds
provide effective contrast due to their high atomic number,
which produces a strong photoelectric effect. Because CT is
relatively insensitive to contrast, high concentrations of
contrast agents (up to 400 mg iodine/mL) must be injected
to produce adequate image enhancement. Iodinated contrast
agents are rapidly cleared from the bloodstream by the
kidneys [40], so there is only a very short window for
imaging after. Additionally, these agents quickly distribute
from the intravascular to the extravascular space throughout
the body. Initially, this provides useful contrast, but after a
short time the nonspecific uptake leads to uniform
enhancement throughout most of the body.

For small-animal imaging, the use of clinical contrast
agents is particularly difficult. Small animals have much
higher renal clearance rates than humans, so injected
contrast agents are rapidly excreted. This can be illustrated
for the case of a mouse. In the average adult mouse, blood
volume is approximately 1.5e2.0 mL [41], and the
glomerular filtration rate (the volume of plasma filtered by
the kidneys per time) is approximately 0.4 mL/s [42].
Therefore, the whole mouse blood volume is filtered by the
kidneys in less than 5 s. Consistent with this filtration rate,
it has been shown that clinical iodine contrast agents drop
to undetectable levels in the bloodstream within 4 s of in-
jection in a mouse [43].

To overcome the rapid clearance of traditional contrast
agents, micro-CT can benefit from blood-pool contrast
agents exhibiting prolonged blood residence time and sta-
ble enhancement from minutes to hours. Blood-pool agents
are made up of a wide variety of high molecular weight
compounds or nanoparticles that avoid renal clearance due
to their large size. Their use for micro-CT imaging has been
reviewed in Ref. [44]. Iodine-based blood-pool agents
include iodine-containing polymers [45,46], micelles
[47,48], emulsions [49e51], and liposomes [52e55]. Some
iodine-containing blood-pool agents are commercially

available for small-animal research, including, for example,
Fenestra (MediLumine) and Exia (Binitio Biomedical,
Inc.).

Over the past several years, metal nanoparticle contrast
agents have been developed incorporating a wide variety of
elements including gold. Gold nanoparticles produce
greater CT enhancement than iodinated contrast agents
because of the higher atomic number of gold (Z ¼ 79)
compared to iodine (Z ¼ 53). Gold nanoparticles are
particularly promising for in vivo imaging applications
because gold is inert and they can be readily modified with
surface-linked molecules to render them biocompatible
[56]. To decrease nanoparticle clearance, the most common
modification strategy is the addition of polyethylene glycol
(PEG) [57]. Surface PEGylation allows nanoparticles to be
used as blood-pool contrast agents. Nanoparticles’ blood
residence time and biodistribution are also heavily influ-
enced by their size and shape, with smaller nanoparticles
tending to have longer blood residence times. Nanoparticles
for micro-CT imaging have also been developed using
other metals, including silver, barium, gadolinium, bis-
muth, ytterbium, tantalum, and thorium [58].

Cardiorespiratory Gating

Projection data in micro-CT must be acquired over many
breaths and/or cardiac cycles. Resulting motion can lead to
image blurring that confounds measurement of small
structures making cardiorespiratory gating necessary to
achieve reasonable accuracy. 4D (3D þ Time) micro-CT
used in cardiopulmonary studies typically employs either
prospective gating (PG) or retrospective gating (RG). In
PG, acquisition is triggered by the coincidence of a selected
respiratory phase and a selected cardiac phase. This pro-
duces a set of projections with a constant angular step,
resulting in reconstructed images that are free of streaking
artifacts. However, because of the time spent waiting for
the coincidence of cardiac and respiratory events, the scan
time may be long [10].

In RG, the projection images are acquired at a rapid and
constant rate without waiting for cardiac and respiratory
coincidence. Respiratory and ECG signals are monitored
and saved in synchrony with the acquisition of the pro-
jections. Using these signals postsampling (i.e., retrospec-
tively), the projections are sorted into different subsets
corresponding to different cardiac and respiratory phases.
With this protocol, the scan time can be shortened tow50 s
[59]. However, the irregular-angular distribution causes
streaking artifacts in the FBP-based reconstructed images
(see Fig. 4.2). Superior results are possible using regular-
ized iterative algorithms [34]. In terms of implementation,
most approaches involve extrinsic cardiorespiratory gating,
in which the cardiac and respiratory signals are acquired
with dedicated monitoring devices (i.e., ECG leads and a
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pneumatic respiratory pillow). Some intrinsic image-based
gating approaches without any external devices have also
been proposed, initially for a clinical, spiral cone-beam CT
scanner [60]. In intrinsic gating, a postprocessing algorithm
evaluates the center of mass of certain regions of interest
within each projection to detect respiratory and cardiac
motion [61e63].

Applications

In general, micro-CT is the tool of choice for studies
requiring high-resolution anatomic images of tissues with
high relative contrast. For example, micro-CT is ideally
suited for bone studies due to the high contrast between
calcified tissue and soft tissue as well as for lung studies
due to the high contrast between air and lung soft tissue.
Micro-CT scans of soft-tissue organs are also performed,
but these studies typically require the use of contrast-
enhancing agents. Because micro-CT intrinsically mea-
sures tissue attenuation coefficients, it is also well suited for
generating maps for attenuation correction for positron
emission tomography (PET) or single photon emission
computed tomography (SPECT) in hybrid systems.

Applications of Noncontrast-Enhanced Micro-CT

Micro-CT images only demonstrate high contrast when
there are large differences between material densities
(Compton scattering) or atomic weight (photoelectric ef-
fect) within the subject. In the case of soft-tissue imaging,
there is very little natural contrast, and an exogenous high
atomic weight contrast agent must be administered for
effective imaging [64]. However, noncontrast-enhanced
micro-CT performs well for bone and lungs.

Bone Imaging

Bone imaging was one of the very first common applica-
tions of micro-CT [20,65]. Micro-CT is well-suited for

bone imaging because of the natural contrast between bone
and soft tissues, which is due to the higher effective atomic
weight of bone. Micro-CT can accurately quantify a variety
of bone parameters, including cross-sectional area, cortical
thickness, bone mineral density, bone volume, bone surface
ratio, and trabecular thickness [66]. Structural micro-CT
studies have examined bone architecture [67,68], bone
remodeling [69,70], and osteoarthritis [71,72]. Micro-CT
has also been used to monitor bone healing after treat-
ment with basic fibroblast growth factor [73], vascular
endothelial growth factor gene therapy [74], or stem cell
therapy [75]. Micro-CT can also be used to longitudinally
track bone loss and structural changes following radiation
therapy and bone marrow transplantation [76] or after
spinal cord injury [77]. In the case of osteoporosis, micro-
CT measurements have been used to study disease pro-
gression after ovariectomy [78] or immobilization [79].
Micro-CT has also been used to study early bone devel-
opment and growth [80]. Additionally, micro-CT has been
used extensively in studies of bone regeneration [81] and
bone tissue engineering [82,83]. Fig. 4.3 illustrates the use
of very high-resolution ex vivo micro-CT to characterize
and quantify the impact of a low-Mg diet on femoral
trabecular bones in mice [84]. The images were recon-
structed and processed at a spatial resolution of 9.0 mm.

Lung Imaging

The large difference in density between air-filled lungs and
soft tissues creates high contrast for lung CT imaging. The
primary difficulty in imaging the lungs is respiratory mo-
tion. Small-animal breathing rates are 3e4 times the
average respiratory rate for humans, so completing an
entire scan between breaths is not practical. Instead, various
gating strategies are used either prospectively [10,85] or
retrospectively [86].

Micro-CT has been used to study a wide variety of lung
diseases. Micro-CT can be used to longitudinally monitor
mice for the presence of lung metastases [87], as well as

FIGURE 4.3 Volumetric micro-CT images of a femoral bone, depicting the trabecular bone (green) and cortical bone (gray) of a mouse in the control
(A) and low-magnesium (B) group. Surface rendering was employed to process the images. Reproduced from Tu SJ, Wang SP, Cheng FC, Weng CE,
Huang WT, Chang WJ, et al. Attenuating trabecular morphology associated with low magnesium diet evaluated using micro computed tomography. PloS
One 2017;12(4):e0174806.
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follow the growth of lung tumors [88e91]. The treatment
efficacy of chemotherapy [92] or radiation therapy [93e95]
on lung tumors can be measured using micro-CT, and lung
injury resulting from radiation therapy can also be assessed
[96]. In addition to tumor characterization, micro-CT is also
useful for imaging diseases of the lung parenchyma. Mouse
models of emphysema created by intratracheal instillation
of elastase [97e100] or exposure to cigar smoke [101] have
been developed and characterized by micro-CT. In
emphysema, CT number values decrease compared to
normal lung due to the loss of soft-tissue parenchyma and
increased air-trapping.

A mouse model of bleomycin-induced lung fibrosis has
also been studied extensively by micro-CT [98,102,103]
and this model has been used with micro-CT for the pre-
clinical evaluation of drug efficacy [104e106]. In fibrosis,
micro-CT values increase due to an expansion of the pa-
renchyma tissue. Lung compliance and lung volume, which
are important factors in both emphysema and fibrosis, can
also be measured by micro-CT. Lung pressureevolume
curves can be used to calculate lung compliance [103,107].
Fig. 4.4 presents examples of lung micro-CT images ac-
quired in end-inspiration and end-expiration using fast
prospective gating in a rat [119].

Applications of Contrast-Enhanced Micro-CT

The development of nanoparticle contrast agents has pro-
vided new opportunities for many exciting applications in
small-animal imaging. Important modern applications for
contrast-enhanced micro-CT in small animals include

imaging of the vasculature, heart, liver, abdomen, and tu-
mors. Current research of micro-CT contrast agents is now
focused on developing agents with active targeting, multi-
modal, or theragnostic capabilities.

Vascular Imaging

Micro-CT scan times must be longer than clinical CT scan
times due to the requirement for much higher resolution.
Higher-resolution implies a need for more X-ray flux,
which is achieved with longer integration time per projec-
tion. Early micro-CT scanners required up to an hour to
complete a scan. In these cases, low molecular weight
contrast agents could not be used for vascular imaging, as
they would be cleared from the bloodstream long before the
image acquisition was completed. For current micro-CT
scanners, scan times of under a minute are now possible.
Using these fast protocols, low molecular weight contrast
agents have been successfully used for vascular imaging
[14,108,109]. However, these contrast agents must be
either repeatedly or continuously administered over the
course of a scan to achieve a constant level of vascular
enhancement. This increases the difficulty of imaging and
may significantly increase the injected dose of contrast
agent. As an alternative to low molecular weight contrast
agents, blood-pool contrast agents have been successfully
used for a variety of vascular applications, including mea-
surements of vascular morphology, diameter, and branch-
ing [110], imaging pulmonary vasculature [111], imaging
hepatic vasculature [112], imaging tumor vasculature
[109,113], and measuring vascular permeability [114]. By

FIGURE 4.4 Pulmonary micro-CT images of a rat acquired with fast prospective gating. Both end-inspiration (A) and end-expiration (B) images in
axial and coronal orientations are shown. Note the darker (i.e., more air-containing) lungs in end-inspiration.
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providing a constant level of enhancement within the
vasculature over a prolonged period of time (minutes to
hours), these contrast agents simplify the acquisition of
vascular images using micro-CT and allow for a wider
range of imaging protocols to be used.

Cardiac Imaging

Cardiac imaging is challenging in small animals due to
their rapid heart rate (w600 bpm for mice). Cardiac gating
can be used to minimize artifacts due to cardiac motion and
can be performed either prospectively [115e119] or
retrospectively [115,120e124].

For all cardiac imaging, contrast agents (mostly blood
pool) are used to differentiate the myocardium from the
heart lumen. Because images can be acquired over multiple
phases of the cardiac cycle, cardiac micro-CT can produce
4D images of the beating heart. These datasets can be used
to measure cardiac function, including ventricular volumes,
stroke volume, ejection fraction, wall motion, and cardiac
output [116,119,121,125,126]. Measurements of cardiac
function by micro-CT can be used, for example, to evaluate
the effect of drugs such as dobutamine-induced cardiac
stress [116]. Cardiac micro-CT can also be used to longi-
tudinally measure changes in cardiac function over time.
For example, left ventricular remodeling following a cor-
onary ligation-induced myocardial infarction has been
tracked by micro-CT [127]. Measurements of cardiac
function and infarct size have also been performed in cor-
onary ligation mouse models using either a combination of
blood-pool agent and a low molecular contrast agent [128]
or a blood-pool contrast agent (Exia 160), which shows
specific uptake in myocardium [120].

Liver Imaging

Blood-pool contrast agents, which avoid renal clearance
due to their large size (>6 nm), are eventually cleared from
the bloodstream by phagocytic cells in the reticuloendo-
thelial system [129]. This clearance occurs primarily in the
liver and spleen, which leads to accumulation of contrast in
those organs over time. Because these blood-pool contrast
agents are taken up by normal-functioning liver and spleen,
they can be used to identify necrotic regions [112], liver
tumors [113,130e134], and spleen tumors [131], as well as
to measure organ volume, quantify hepatic necrosis [135],
and determine liver anatomy [136].

Cancer Imaging

The vast majority of cancer imaging studies have been
performed using blood-pool nanoparticle contrast agents.
Nanoparticles tend to accumulate in tumors due to the
enhanced permeability and retention (EPR) effect
[137,138]. Rapid angiogenesis within a tumor leads to the

development of immature, poorly organized, leaky vascu-
lature. Gaps in this leaky vasculature are large enough that
nanoparticles (up to 300 nm) can extravasate into the tumor
tissue. Tumors also tend to have very poorly developed
lymphatic drainage, so the nanoparticles are not cleared
from the tumor once they extravasate. This effect leads to
the gradual passive accumulation of nanoparticles in the
tumor perivascular space over the course of hours to days.
EPR has been widely exploited for both tumor imaging and
therapy using nanoparticle agents. Immediately after in-
jection, the contrast agent is entirely contained within the
vasculature, with no significant enhancement within the
tumor tissue. This early phase allows for the analysis of
tumor vascular morphology, location, and density. After the
contrast agent is cleared from the bloodstream, late-phase
imaging can be performed to demonstrate the passive
accumulation of the contrast agent in the tumors due to
EPR. The tumors typically show heterogeneous enhance-
ment throughout their volumes, demonstrating spatial het-
erogeneity in tumor perfusion and vascular permeability.

Fig. 4.5 shows an example of early- and delayed-phase
imaging using liposomal iodine-based contrast agent [55].
Measurements of tumor vascular density in early-phase
imaging and total contrast accumulation in late-phase im-
aging have been used to differentiate various aggressive-
ness levels in tumors [139]. Iodine-containing nanoparticles
have been used for tumor imaging models of lung cancer
[140,141] and a mouse model of liver cancer [142]. Lipo-
somal iodine was also used in two mouse models of breast
cancer to demonstrate dynamic changes in enhancement
within tumor vasculature and tumor parenchyma [55,143].
A number of studies have carefully mapped the spatial and
temporal distribution of liposome uptake in tumors by
micro-CT [144], which has important implications for
nanoparticle-based drug delivery. Gold nanoparticles have
also been used for passive tumor targeting in mouse models
of breast and brain cancer [145,146].

Molecular Imaging With Micro-CT

Although not very sensitive in terms of contrast discrimi-
nation, micro-CT can also be used for molecular imaging.
Beyond the passive targeting that results in accumulation of
nanoparticles to the reticuloendothelial system or tumors,
active targeting of nanoparticles can be accomplished by
conjugating specific ligands to the nanoparticle surface that
can then link to their binding partners in vivo [147].
Typically, these binding partners are cellular receptors or
extracellular matrix proteins that are overexpressed in a
pathological condition, so binding is specific to the region
of pathology. Potential ligands for conjugation to the
nanoparticle surface include antibodies, antibody frag-
ments, other proteins, peptides, aptamers, lipids, carbohy-
drates, and other small molecules. The use of targeted
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contrast agents for micro-CT has been reviewed [148].
Gold nanoparticles have been used as a micro-CT contrast
agent for the targeting of multiple tumor markers, including
Her2 [149], the gastrin-releasing peptide receptor [150], the

epidermal growth factor receptor (EGFR) [151], the folic
acid receptor [152], and tumor microcalcifications [153].
Fig. 4.6 illustrates the superiority of EGFR-antibody con-
jugated gold nanoparticles in targeting an EGFR-expressing

FIGURE 4.6 A comparison of micro-CT imaging using untargeted (PEG) and EGFR-targeted gold nanoparticles (using anti-EGFR antibody
(cetuximab, C225). Axial micro-CT images through the center of the tumors (A), while a coronal maximum intensity projection (MIP) of an isolated
tumor from each mouse is shown on (B). Each MIP includes 20 slices through the center of the tumor. Each image is an overlay of the CT scan (in
grayscale) and Au map (in green). The relatively poorly perfused tumor cores showed low nanoparticle (NP) uptake. All tumors had substantial NP
accumulation due to EPR, but C225-AuNPs showed the highest tumor enhancement.

FIGURE 4.5 Longitudinal cancer micro-CT imaging using liposomal iodine at early (A) and delayed phase (B). Liposomes slowly accumulate in
the subcutaneous tumor, liver, and spleen over the course of 72 h. The white and green arrows point to the location of feeding vessels of the tumor (blue
ellipsoid).
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subcutaneous tumor compared to nontargeted PEG-gold
nanoparticles [154]. Tumor micro-CT enhancement is
significantly higher with targeted compared to nontargeted
gold nanoparticles.

Gold nanoparticles have also been used for CT imaging
of lymph nodes by targeting CD4 [155], imaging of
inflammation by targeting intravascular E-selectin [156],
imaging of atherosclerosis by targeting fibrin [157], imag-
ing of myocardial scars by targeting collagen [158], and
imaging of other cardiovascular diseases [159]. In addition
to targeting by the surface conjugation of a ligand, some
nanoparticles have inherent targeting abilities due to their
nanoparticle chemistry. Gold nanoparticles encapsulated
within high-density lipoprotein (HDL) particles are natu-
rally recognized by HDL receptors and taken up in
atherosclerotic plaques [160].

Spectral Micro-CT

CT using nanoparticles can benefit from spectral imaging to
increase contrast discrimination. There are two primary
methods used to obtain spectral CT data. The first method,
dual-energy (DE) CT, uses X-ray sources with two
different energy spectra and traditional EIDs. The second
method uses a single X-ray source, but has energy-
resolving PCDs that can measure the energy of each
detected photon.

DE micro-CT has been used successfully for a variety
of applications in mice. DE micro-CT was used for
atherosclerosis imaging to differentiate liposomal iodine
accumulated in plaque macrophages from calcium within
the plaque [161]. Iodine accumulated within the myocar-
dium has been separated from other soft tissues and from
calcium in the bone for imaging of myocardial infarction
[120]. DE micro-CT has been used to separate gold nano-
particles accumulated within soft-tissue sarcomas [162] or

primary lung tumors [163] from liposomal iodine within
the vasculature. In two additional studies, DE micro-CT
was used to assess vascular changes following radiation
therapy. In the first, the increase in vascular permeability in
a soft-tissue sarcoma was determined by measuring the
accumulation of liposomal iodine [164]. In the second
study, cardiac injury following radiation therapy was
assessed using gold nanoparticles and liposomal iodine
[165]. Triple-energy EID micro-CT can discriminate three
materials, that is, gold, iodine, and gadolinium [166].
However, spectral separation using EIDs is somewhat
limited by the ability to minimize the overlap of X-ray
spectra using polychromatic sources. Alternatively, PCDs
can provide better spectral separation capabilities. Although
PCDs are still experimental for clinical CT, their use in
spectral micro-CT systems has been successfully demon-
strated. A preclinical spectral CT has been used with tar-
geted nanoparticles to image atherosclerotic plaques [160]
using gold nanoparticles encapsulated within HDL to target
plaque macrophages. Preclinical spectral CT (and subse-
quent histology) demonstrated that the gold successfully
accumulated within the plaques and that gold could be
discriminated from iodine, calcium, and soft-tissue in vivo.
Spectral imaging has also been used to detect ytterbium
nanoparticles within the vasculature [167] and organic
bismuth nanocolloids targeted to fibrin-rich clots [168]. In
both cases, spectral information was used to differentiate
contrast agent signal from soft tissue and bone.

A comparison between DE-EID and PCD-micro-CT is
shown in Fig. 4.7 [169]. The PCD used in this study had
four energy thresholds. Mice with sarcoma tumors were
intravenously administered gadolinium-containing lipo-
somes. Three days later the same animals were injected
with iodinated liposomes and imaged with both DE-EID
micro-CT and PCD micro-CT. To decompose spectral
micro-CT data into material maps, a postreconstruction

FIGURE 4.7 Maximum Intensity Projections based on DE-EID (A) and PCD micro-CT (B) decompositions of a mouse with a sarcoma tumor
(blue ellipsoid). The mouse has been injected with liposomes containing gadolinium 3 days earlier and iodinated liposomes immediately before imaging.
The liposomes containing gadolinium have accumulated in the tumor due to the EPR effect while the iodinated liposomes are intravascular. The fractional
blood volume (FBV) and the accumulated mass (AM) are also shown.
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decomposition method [169] was used with the unknowns
being: (1) iodine and gadolinium concentrations for DE-
EID micro-CT and (2) the photoelectric effect (PE),
Compton scattering (CS), iodine and gadolinium concen-
trations for PCD-micro-CT. After decomposition, the ma-
terial maps were color-coded with iodine in red, gadolinium
in green, PE in blue, and CS in gray. The PCD-based
volume-rendered results shown in Fig. 4.7B appear to be
superior in quality to DE-EID results (Fig. 4.7A), with a
cleaner soft tissue background and without artifacts caused
by registration imperfections, since all four energy maps are
acquired at the same time and with the same geometry.
PCD micro-CT was able to clearly separate Gd signal
(EPR-based tumor accumulation) from iodine signal
(vascular compartment). Furthermore, the ability to
decompose PE and CS maps enabled the separation of bone
and soft tissue from contrast materials. The iodine and
gadolinium maps were used to compute two metrics for
functional characterization of tumor vasculature, that is, the
fractional blood volume (FBV) based on intravascular
iodinated liposomes and tumor accumulated mass (AM) of
nanoparticles containing gadolinium liposomes [162].
FBV, which is analogous to microvessel density is an in-
dicator of tumor perfusion while AM is an indicator of
tumor “leakiness” or EPR status [137] and also serves as a
surrogate for quantifying intratumoral distribution patterns
of liposomal chemotherapeutics.

Theragnostics

Many nanoparticles used as micro-CT contrast agents can
easily be adapted to provide or incorporate therapeutics
thus serving in theragnostics (therapy and diagnostics).
Gold nanoparticles, for example, have the inherent ability
to increase the effectiveness of radiation therapy, because
they absorb therapeutic X-rays efficiently and then release
that energy to the surrounding tissues, thus increasing the
locally delivered dose in regions of high nanoparticle
concentration. This effect has been studied by several
groups to effectively treat cancer in multiple animal models
[146,170e177]. Moreover, gold nanoparticles also exhibit
high absorbance of light at their surface plasmon resonance
wavelength, which can be tuned by altering the shape and
size of the nanoparticle. For many gold nanoparticle shapes
(i.e., nanorods, nanoshells, nanostars), this plasmon reso-
nance occurs in the near-infrared region, which is optimal
for use with photothermal heating. In photothermal heating,
nanoparticles convert laser light into heat, which leads to
local hyperthermia. This effect can be used for tumor
ablation. The use of nanoparticles for combined micro-CT
imaging and photothermal therapy has been reviewed
[178]. Gold nanorods [179] and hollow gold nanoshells
[175] have both been used for combined micro-CT imag-
ing, radiation therapy, and photothermal therapy.

Multimodality Imaging

A micro-CT system can be combined with SPECT, PET, or
fluorescence molecular tomography (FMT) into a single
unit [180,181]. SPECT, PET, and FMT are all highly
sensitive, so targeted molecular imaging with radiolabeled
or fluorescently labeled small molecules or biomolecules is
readily accomplished. However, these modalities are all
limited by poor spatial resolution and poor anatomical
imaging. By combining these systems with micro-CT,
high-resolution anatomical images can be coregistered with
molecular images to produce highly useful datasets.
Combining micro-SPECT and micro-PET with micro-CT
can also improve the image quality of the resultant
SPECT and PET images by allowing for attenuation
correction [182,183]. Fig. 4.8 shows a combined micro-CT/
micro-PET image for a 4T1 breast tumor-bearing mouse
after injections of both liposomal iodine and 18F-
fluorodeoxyglucose. The multimodal imaging took place
72 h postinjection of the liposomal CT contrast agent [184].
Note the colocalization of the EPR-based accumulation of
the iodinated liposomes visualized by micro-CT and the
FDG uptake in the micro-PET image. This example illus-
trates the power of multimodal imaging in visualizing the
vascularity based on micro-CT while assessing the tumor
metabolic activity via the FDG uptake given by micro-PET
imaging.

Conclusions

Micro-CT has become an extremely important tool in
small-animal research. Micro-CT produces noninvasive,
three-dimensional, high-resolution anatomical images,
which can provide a wealth of information about normal
animal function and pathology. The increasing availability
and low cost of micro-CT scanners (compared, for
example, to MRI scanners) greatly increase the use and

FIGURE 4.8 Multimodal imaging. Micro-CT only (A) and combined
micro-PET/micro-CT images (B) in coronal orientation in a mouse at 72 h
after the administration of PEGylated liposomal iodine-based nano-
particles. Note the accumulation of the contrast agent in liver, spleen and
tumor (ellipse). The hypo-enhanced necrotic center of the tumor in the
micro-CT image (A) correlated well with the lack of the FDG uptake in the
micro-PET image (B).
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impact of micro-CT imaging on small-animal studies. Ra-
diation dose is a limitation in micro-CT imaging, but can be
reduced with better technology and more sophisticated
image reconstruction algorithms. Although X-ray micro-
CT is limited by low tissue contrast, developments in
contrast agents based on nanoparticles show great promise
for use in imaging a wide range of organ systems and pa-
thologies. Additional new developments in spectral
micro-CT imaging will further improve the usefulness of
micro-CT in acquiring functional and molecular informa-
tion. Micro-CT can also be combined with other imaging
modalities such as PET and SPECT to improve imaging
performance and better study complex biological processes.
In the long term, preclinical spectral micro-CT systems
could serve for developing nanoparticles that show promise
in the field of theragnostics. This will greatly expand the
potential applications for micro-CT in small-animal
research.
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