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Glossary
Micro-CT The preclinical equivalent of CT largely used

to study small-animal models of human disease.

Microfocus (x-ray source) A special type of x-ray

source having focal spot size<100 mm,

particularly used for micro-CT imaging at high

magnification.

Preclinical imaging A type of imaging performed on

living animals for research purpose.
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2.09.1 Introduction

High-resolution computed tomography (CT) or micro-CT is

the preclinical equivalent of CT and is largely used to study

small-animal models of human disease. The translation of

clinical imaging methods from human to rodents presents

scaling challenges for all modalities including micro-CT. For

example, acquiring CT images of the mouse heart with organ

definition and temporal resolution comparable to that which

can be achieved in humans requires an increase in volumetric

spatial resolution by a factor of about 3000 and a tenfold

increase in temporal resolution (Badea et al., 2008a). During

 
 
 
 
 
 
 

the last decade, micro-CT has introduced viable alternatives to

autoradiography and histological techniques used by basic

scientists. Micro-CT has served well in disease detection and

monitoring, in morphological and functional phenotyping,

and in testing potential therapies and the safety of new drugs.

Furthermore, micro-CT represents a test bed for the develop-

ment and evaluation of novel x-ray imaging approaches. This

chapter focuses on a general description of micro-CT instru-

mentation and shows examples of its applications in preclini-

cal research.

A micro-CT scanner is based on the same underlying phys-

ical principles as a clinical CT scanner, but it is designed for
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Figure 1 The two design geometries for micro-CT are based on rotating gantry (a) or rotating specimen (b). The effect of penumbra blurring: for
the same focal spot size (fs) of the x-ray source, the penumbra blurring b is larger when the object is closer to the source (c) than when the
object is closer to the detector (d). sod, source–object distance; odd, object–detector distance; sdd, source-to-detector distance.
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higher-resolution imaging. It typically produces 3D tomo-

graphic data proportional to the mean linear attenuation coef-

ficient at microscopic resolution (voxel size�100 mm3) by

taking a few hundreds of 2D cone beam projections from

multiple angles around the animal (Holdsworth and

Thornton, 2002). The multiple projections are combined

using a reconstruction method.

A typical micro-CT scanner uses an x-ray source and a high-

resolution digital x-ray detector (Paulus et al., 2000, 2001),

with two possible design geometries: (1) rotating gantry

(x-ray source and detector) or (2) rotating specimen (see

Figure 1(a) and 1(b)). The majority of current commercial

systems for in vivo scanning use the rotating gantry geometry,

that is, they are scaled versions of the clinical CT scanners

(Figure 1(a)). Using this design, the x-ray source and detector,

which are mounted on a gantry, rotate around a central axis,

while the animal lies stationary on a table positioned between

the x-ray tube and detector. For most of these systems, the

source-to-object distance (sod) is less or comparable to the

object-to-detector distance (odd). A geometric representation

of these distances is shown in Figure 1(c) and 1(d). Position-

ing the specimen closer to the x-ray source and farther from the

detector allows for an increase in magnification, defined as

M ¼ 1þ odd
sod, 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 in order to compensate for the penumbra

blurring effect). The term penumbra blurring represents the

unsharpness produced by the finite focal spot size of the

x-ray source. As will be further explained in Section 2.09.4,

the resolution limit due to penumbral blurring (b) in the

projection plane is related to the focal spot diameter (fs),

odd, and sod by eqn [1]:

b ¼ odd

sod
fs

¼ M� 1ð Þfs
[1]

Figure 1 illustrates what happens when the scanning is

performed with the object closer to the source (Figure 1(c))

or to the detector (Figure 1(d) of Chapter 1.10, Figure 2).

According to eqn [1], if odd and sod are similar, as in most

of the rotating gantry systems, the penumbra blurring b

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.
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For systems with a rotating specimen (Figure 1(b)), the

x-ray source and detector are stationary. Such system design

(mostly used for ex vivo imaging) is more flexible in changing

the magnification by changing the position of the specimen.

The specimen could also be placed closer to the detector, that

is, odd< sod, 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 there-

fore enable shorter exposure times, can be used. Despite the

benefits of the rotating specimen design, this type of system has

not gained popularity for in vivo imaging primarily because the

animal must be mounted in a vertical position. Combining the

benefits of an object magnification and rotating gantry design,

commercial systems with odd< sod (M¼1.3) have also

become available (Du et al., 2007; Ross et al., 2006). Such

systems allow rapid scanning, albeit at the price of somewhat

reduced spatial resolution.
2.09.2 Fundamentals of Micro-CT Design

2.09.2.1 x-Ray Detectors

As in any other x-ray imaging system, the x-ray detector is a key

component of a micro-CT scanner. Differently from clinical

CT, where stacked 1D arrays of detection elements on a cylin-

drical surface are used, the majority of micro-CT systems to

date employ digital flat-surface 2D detectors leading to a cone

beam scanning geometry. Apart from a single case known

in the literature of high-resolution CT reconstruction of a rat

kidney from the digitization of multiple film radiographs

(Kujoory et al., 1980), early prototype micro-CT systems

employed x-ray image intensifiers read by charged coupled

devices (CCDs) (Boone et al., 1993; Feldkamp et al., 1989;

Holdsworth et al., 1993). Later in the mid-1990s, combined

detection systems made up of scintillator screens coupled to

CCDs via fiber-optic bundles, with various demagnifying

ratios, became the standard for micro-CT imaging (Goertzen

et al., 2004; Paulus et al., 2000). More recently, the advances in

CMOS technology led to the production of large-area detectors

with high frame rates, which are the most widely used systems

for in vivo small-animal imaging (Kalender and Kyriakou,

2007; Lee et al., 2003). Cooled CCDs are still in use, especially

in applications involving low x-ray fluences, due to their very

low dark noise with respect to flat-panel CMOS detectors. Also
(2014), vol. 2, pp. 221-242 
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reported in the literature are studies on the use of direct conver-

sion detectors coupled to thin-film transistor (TFT) arrays

(Goertzen et al., 2004) and of single-pixel or small-area detectors

operating in photon-countingmode (Panetta et al., 2007; Paulus

et al., 2000; Roessl et al., 2011) for small-animal micro-CT.

The performance parameters that must be taken into

account for the selection of an x-ray detector for micro-CT

may be different to those considered for other imaging sys-

tems. Among the key factors affecting the overall performance

of the tomographic system are (1) spatial resolution, (2) detec-

tion efficiency, (3) dark noise, (4) stability, (5) sensitive

area, (6) dynamic range, and (7) readout speed. Many of the

parameters in the preceding text are dependent on each other,

so it is important to know how they can influence the perfor-

mance of a micro-CT system in order to select the optimal

detector in the design process.

2.09.2.1.1 Spatial resolution
The main goal in micro-CT imaging is in obtaining a high-

spatial resolution, so one may believe that the most desirable

feature of an x-ray detector for micro-CT is the highest possible

resolving power. This is in part true, but as shown later in

Section 2.09.4, the influence of the detector resolving power

on the overall resolving power of the micro-CT system is pro-

gressively less important for increasing values of M. For table-

top specimen micro-CT and nano-CT scanners working at

magnification M>10, the resolving power of the tomographic

system is dominated by the penumbra effect. Conversely, most

systems for in vivo imaging work with low-to-medium magni-

fications in the range 1.1<M<2, and hence the spatial reso-

lution of reconstructed images strongly depends on the

resolving power of the detector. The spatial frequency at 10%

of the presampling modulation transfer function (MTF) of

most indirect detectors used for in vivomicro-CT imaging varies

in the range of 5–10 lp mm�1, depending on the scintillator

type and thickness. For such detectors, the pixel size falls in the

range of 50–120 mm. Mainly thallium-doped cesium iodide

(CsI:Tl) and gadolinium oxysulfide are used as scintillators

for this kind of application. CsI:Tl screens with thickness

of about 150–200 mm are shown to be a good compromise

between efficiency and spatial resolution because of columnar-

grown structure that reduces the spread of the visible light that

is generated at the site of interaction of the x-ray photon. On

the other hand, the high atomic number of gadolinium allows

drastic reduction in the thickness of the scintillator layer (of a

factor of 3 or more) and thus the light spreading while keeping

comparable detection efficiency with respect to CsI. Detectors

that do not use scintillator (i.e., direct conversion detectors)

mostly based on amorphous selenium (a-Se) (Goertzen et al.,

2004) or amorphous silicon (a-Si) (Yang et al., 2010) on top of

TFT arrays show excellent performance in terms of resolving

power, with MTFs very close to the ideal sinc-shaped function

for the detector sampling pitch. Similar spatial resolution per-

formances have been observed for direct conversion detectors

operating in photon-counting mode (Belcari et al., 2007;

Panetta et al., 2007).

2.09.2.1.2 Image noise
As in any other CT system, the image noise in micro-CT images

for a given dose and scanning geometry is mainly determined

by the efficiency of the x-ray detector. The detective quantum
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efficiency (DQE) does not seem to be a good predictor of the

image noise level in micro-CT images. For example, not only

direct conversion detectors show DQE at zero frequency as

high as 60%, which is roughly twice that of most scintillator-

based detectors, but they also produce tomographic images

with higher noise levels (Goertzen et al., 2004; Panetta et al.,

2007). This can be explained by considering that direct con-

version detectors usually have higher values of MTF at Nyquist

frequency, leading to a higher transfer of high-spatial-

frequency quantum noise to the final images. In other words,

the blurring introduced by scintillators in indirect conversion

detectors acts as a low-pass filter that wipes out some of the

noise from the reconstructed images, at the cost of a reduced

high-contrast spatial resolution. For the reason in the preced-

ing text, image noise in tomographic systems should only be

compared after having adequately smoothed the data in order

to match the MTFs of the systems under comparison. In this

sense, there is no direct evidence in the literature of the supe-

riority of direct conversion detectors with respect to

scintillator-based detectors for small-animal imaging. For

applications characterized by high x-ray fluences, such as

in vivo small-animal imaging, the quantum noise due to the

fluctuation in x-ray counting statistics dominates over the ther-

mal noise. CMOS detectors are highly indicated for such appli-

cations, especially because of their higher readout speed with

respect to most CCDs, thus allowing faster scanning. For very

high-resolution micro-CT and nano-CT, working with very

low-power x-ray sources and long source-to-detector distances,

the x-ray fluence on the detector is so low that the integrated

signal due to thermal noise during the (very long) acquisition

time can be comparable or higher than the signal due to the

x-rays. In such cases, CMOS detectors do not show good per-

formance because of their higher dark signal compared to

CCDs. Cooled CCDs and intensified CCDs are better suited

for this application (Jorgensen et al., 1998; Sasov and Van

Dyck, 1998).

2.09.2.1.3 Stability
A tomographic acquisition involves hundreds of consecutive x-

ray projection of the same object at different angles. The overall

quality of the reconstructed tomographic image requires that

both the x-ray beam and the detector response remain stable

over the duration of the entire acquisition. If this condition is

not met, independent correction of the raw projection data

should bemade for each angle (or, at least, several times during

the same scan), which could lead to an unacceptable increase

of the scanning time. Flat-panel imagers with a-Si TFT readout

can have pronounced image lag and ghosting that can consid-

erably affect the quality of tomographic images if not corrected

(Bloomquist et al., 2006; Siewerdsen and Jaffray, 1999). Non-

negligible drifts of the dark signal over time have been

observed for the same type of detectors.

2.09.2.1.4 Sensitive area
As mentioned in the previous sections, most micro-CT scan-

ners for in vivo imaging of small animals work with low-

magnification factors. This is due in part to field-of-view

(FoV) considerations; in fact, it is easy to show that, for given

width and height of the selected detector, the FoV size of a cone

beam CT system (both axial and transaxial) varies as 1/M.

Whole-body imaging of mice or rats is feasible with a single,
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circular orbit scan by using flat-panel detectors with transverse

size of 5–10 cm and axial size of 10–20 cm. CCD-, CMOS-, or

TFT-based detectors of such size or even larger are widely

available on the market from several manufacturers. An advan-

tage of CMOS and TFT detectors over CCDs is that these latter

are commonly used with demagnifying fiber-optic tapers to

increase the sensitive area, thus leading to geometric distor-

tions that must be accurately corrected prior to image recon-

struction to avoid artifacts (Lee et al., 2003).

2.09.2.1.5 Dynamic range
As shown by Grodzins (1983), optimal x-ray energies for imag-

ing of small samples are considerably lower than those used for

clinical imaging. Consequently, the photoelectric effect (∝Z4/

E3) dominates over Compton scattering (∝Z/E) as the main

interaction mechanism in the attenuation of the x-ray beam.

This results in wide range of exposure levels across the detector

area, even for small-sized samples, which calls for detectors

with high dynamic range. Clinical CT scanners usually employ

bow tie-shaped filters to compensate for such high differences

of exposure levels; there is no evidence on the use of similar

filters in the field of small-animal micro-CT, although there is

some initial study on the use of bow tie filters in clinical flat-

panel-based cone beam CT (Lee et al., 2003).

2.09.2.1.6 Readout speed
The need for high-speed x-ray detectors in micro-CT imaging of

small animals is motivated by (1) the reduction in scan time per

animal, thus reducing the time window of observation of bio-

logical processes that can vary in time, especially when using

contrast agents with fast kinetics, and (2) the need to increase

the imaging throughput. Furthermore, continuous rotational

acquisition with high frame rates (>20 fps) is required for

retrospectively gated respiratory and cardiacmicro-CT imaging.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

2.09.2.2 x-Ray Sources

The choice of the x-ray source can strongly affect the resulting

performance of the resulting micro-CT system. Due to the

tradeoff between focal spot size and maximum filament cur-

rent, most x-ray tubes with minifocus or microfocus have very

low photon output compared to the high-power tubes used in

clinical scanners. This fact, together with the often lower quan-

tum efficiency of the x-ray detectors and the very narrow solid

angle with which the source sees each detector pixel in systems

working at high magnification, leads to a dramatic increase in

the average scan time required in micro-CT with respect to

clinical CT to obtain similar image noise levels.

Among the different types of x-ray sources for micro-CT

found in the literature, the most used are microfocus, fixed

tungsten anode tubes operating in continuous mode, with

voltages in the range of 20–100 kV and anode current in the

range of 50–1000 mA. In vivo micro-CT systems working at low

magnification often use pulsed x-ray sources with higher power

and wider focal spots, in the range of 0.3–0.6 mm. The use of

pulsed x-ray sources is especially important for prospective

ECG gating (Badea et al., 2008b). This type of imaging can be

done also with sources operating in continuous mode by using

external shutters with open time windows >30 ms; neverthe-

less, the total number of photons emitted in each pulse is very
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low in this second case, and the x-ray transmission through the

closed shutter must be taken into account for proper raw data

calibration. More recently, Cao et al. have investigated the use

of a compact field emission microfocus x-ray source based on

carbon nanotube (Cao et al., 2009, 2010). In this type of

source, the metal filament cathode is replaced by a field emis-

sion cathode that is capable of emitting electrons at room

temperature with voltage-controlled output current (Yue

et al., 2002). The authors obtained stable emission of x-rays

at 50 kV and 1 mA, with pulse length down to 20 ms and with

a focal spot size of 100 mm. Despite the improvement of a

factor of 5–6 in focal spot size with respect to standard pulsed

x-ray sources, the overall performance of the resulting micro-

CT scanner in terms of spatial resolution (5 lp mm�1 at 10%

MTF) is comparable to that of other systems for in vivo imaging

because of the low magnification used.

For ex vivo imaging of small biological samples at very high

magnification, the need for very small focus is more stringent

because it represents the main limiting factor of the spatial

resolution. Reflection anode x-ray tubes with focal spots in

the range of 5–20 mm are available on the market. Because of

the very high power density that such narrow electron beams

can release on the target surface, the anode current must be

kept at very low values to prevent its melting (Grider et al.,

1986). For this reason, maximum anode currents in most

microfocus x-ray tubes are in the order of 100–200 mA, with
maximum power <10 W. A well-known empirical formula for

determining the maximum power of a microfocus source for

the most common target materials is

Pmax ¼ 1:4w0:88 [2]

where Pmax is the maximum power in watts and w is the focal

spot size in micron (Flynn et al., 1994). Other drawbacks of

reflection-type x-ray sources with thick target include a

relatively narrow aperture of the cone beam (in the range of

30�–60�) and a limited capability of reducing the focus-to-

object distance below few millimeters. Yet, the nonuniformity

of the beam intensity due to the heel effect must be taken into

account. Open-type sources with thin-target transmission

anode overcome these limitations, providing radiation beams

with angular aperture up to 140�–160� with the possibility of

putting the object virtually in contact with the focus. The

spatial resolution obtainable with this type of source can be

less than 1 mm, which is in the same order of magnitude as

those obtainable with synchrotron radiation. Nevertheless,

synchrotron-based micro-CT and nano-CT still remain

unbeaten in terms of contrast resolution and signal-to-noise

ratio over laboratory-level micro- and nano-CT systems

because of the possibility of having adjustable monochromatic

radiation and thus avoiding beam hardening artifacts (Brunke

et al., 2008; Ritman et al., 1997; Stolz et al., 2011).

 

2.09.2.3 Choice of the Scanning Geometry

2.09.2.3.1 FoV and voxel size
The size and shape of FoV of a micro-CT scanner in cone beam

geometry with in-axis detector depend on several variables

such as the width and height of the x-ray detector, the

magnification, and the source-to-detector distance. Simple
(2014), vol. 2, pp. 221-242 
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geometric calculations can be used to derive the relationship

between the quantities in the preceding text. Depending on the

design goal, such equations can be used to appropriately select

the x-ray detector and to optimize the scanner geometry to

match the size of a given specimen (it being rabbit, rat,

mouse, zebra fish, insect, or a small sample on the tip of a

needle), by maximizing the spatial resolution (i.e., maximizing

the magnification) or by maximizing the scanner sensitivity

(i.e., by minimizing the source–detector distance).

The geometry of the micro-CT scanner is shown in Figure 2.

The figure shows the typical diamond shape of the FoV of a

CBCT scanner, given by the intersection of all pyramid-shaped

radiation beams at all projection angles of the tomographic

acquisition. The case shown in Figure 2 also highlights a

typical situation that may arise at low magnification, where

three different FoV radii are distinguished: the ‘virtual’ radius,

Rvir; the maximum radius, Rmax; and the object radius, Robj. The

virtual FoV has a radius that is only dependent on the transax-

ial size of the detector, but because of the presence of the

detector itself, an object having a radius equal than Rvir

would not fit physically into the imaging system. The maxi-

mum radius of an object that can fit in the imaging system

without mechanical interference with the detector is Rmax, but

it is always advisable to allow some margin (dependent on the

animal being imaged) that leads to Robj¼Rmax – Dmin, where
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Figure 2 The FoV of a micro-CT scanner working in cone beam geometry (g
radiation beams coming from all the projection angles. The dependence of its s
from simple geometric calculations (see text for details).
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Dmin is the minimum distance between the object and the

detector plane. It must be observed that for most flat-panel

x-ray detector, Dmin is also constrained by the mechanical

envelope that protects the scintillator from external light and

scratches. Some definitions used throughout the next section

are reported in the succeeding text:

sdd Source-to-detector distance.

aor Axis of rotation. Conventionally, aor coincides with the

z-axis.

sod Source-to-object (or source-to-aor) distance.

Hdet Height of the active area of the detector (parallel to the

aor).

Wdet Width of the active area of the detector (perpendicular

to the aor).

M Magnification, M¼ sdd/sod.

Dmin Minimum distance between the scanned object and

the detector plane during the rotational scanning.

 

Top view

Hobj,1 Hobj,2
aax

atra

sod

dd

Focal
spot

Focal
spot

Side view

ray-shaded volume) is given by the intersection of all the pyramid-shaped
ize and shape on the geometric parameters of the scanner can be derived

, (2014), vol. 2, pp. 221-242 
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at the detection
plane

aor

Detector

Hdet
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Figure 3 In order to compute the effective size of the FoV using eqns
[3] and [4], the cone beam cross section on the projection plane fully
covers the x-ray detector. The minimum value of sdd is obtained when
Drad is equal to the diagonal of the detector.
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Robj Max. radius of the scanned object, taking into account

Dmin. This is the final FoV radius considered as the design

target.

Rmax Max. radius of the FoV allowed by the scanner geom-

etry. It must be Rmax>Robj.

Rvir Radius of the virtual FoV. At low magnification and for

large Wdet, it is possible to have Rvir>Rmax.

Hobj,1 Max. height of the FoV, along the aor.

Hobj,2 Height of the FoV at R¼Robj, that is, height of the

cylindrical part of the FoV. Hobj,1>Hobj,2.

�tube Maximum angular aperture of the x-ray cone beam.

�ax Axial angular aperture (along the aor) of the cone beam

as seen by the detector. It must be aax<atube.

�tra Transaxial angular aperture (perpendicular to the aor)

of the cone beam as seen by the detector. It must be atra<atube.
It is easy to show that the following equations apply to the

FoV on the central transaxial plane:

Rvir ¼ sodffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4

sdd

Wdet

0
@

1
A

2
vuuut

¼ sod� sin atra
2

0
@

1
A

Rvir � Rmax � Robj

Rmax ¼ Rvir , sdd� sod > Rvir

8>>>>>>>><
>>>>>>>>:

[3]

Given the radius Robj of the FoV in the transaxial plane, the

maximum and minimum longitudinal lengths (denoted as

Hobj,1 and Hobj,2) are given by

Hobj, 1 ¼ Hdet
sod

sdd
¼ Hdet

M

Hobj, 2 ¼ Hdet
sod� Robj

sdd

8>>><
>>>:

[4]

Conversely, if the design target is the longitudinal size of the

FoV, we can compute the distances between the different com-

ponents by solving the equations in the preceding text with

respect to sdd and sod, thus obtaining

sod ¼ Robj þ 2Robj þDmin

Hdet

Hobj, 2
� 1

sdd ¼ 2Robj þDmin

� �
1þ 1

Hdet

Hobj, 2
� 1

0
BBBB@

1
CCCCA

8>>>>>>>>>><
>>>>>>>>>>:

[5]

Once the system geometry has been set up, the ‘natural’

voxel size Dx is just obtained by dividing the detector pitch Du
by the magnification M (Kak and Slaney, 1988):

Dx ¼ Du
M

[6]
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It is worth noting that the equation in the preceding text

does not pose a constraint on the choice of the reconstruction

grid sampling step, as both finer and coarser voxels can be

obtained by interpolating or rebinning the projection data,

respectively. Of course, reconstructing on a finer grid will not

lead to an improvement of the spatial resolution of the tomo-

graphic system that is only dependent on the presampling MTF

of the detector and on the x-ray focal spot size, for a given M.

On the other hand, rebinning of the projection data will

produce smoother images at the cost of a reduced spatial

resolution. 
2.09.2.3.2 Sensitivity and temporal resolution
Thephoton fluence at a givenpointof the space coming fromanx-

ray tube follows with good approximation an inverse square law.

In other words, neglecting the contribution of scattered radiation

from the object the number of x-ray photons per unit surface and

in the unit time on the detector plane along the cone beam axis is

proportional to 1/sdd2. Hence, by halving the sdd, we can gather

on the detector roughly the same number of photons in a quarter

of the time. From the considerations earlier, it can be argued that

the system’s relative sensitivity can be improved by minimizing

the source-to-detector distance. This improvement can be trans-

lated in an improved of the temporal resolution of the micro-CT

scanner: the smaller the sdd, the shorter will be the integration

time per projection in the tomographic acquisition required to

detect an adequate number of photons on each detector element.

The lower limit of the sdd in a micro-CT scanner for small

animals not only is set by the physical dimension of the object

under study but also depends on the angular aperture of the

cone beam produced by the x-ray source. In fact, eqns [3] and

[4] are valid as long as the detector is fully covered by the

radiation beam. Denoting by Drad the diameter of the beam

cross section at the detection plane, it must be (see Figure 3)
(2014), vol. 2, pp. 221-242 
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Drad �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W2

det þH2
det

q
(6)

so that the minimum sdd for which the detector is fully irradi-

ated by the x-ray beam is

sddmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
W2

det þH2
det

q
2 tan atube

2

� � [7]

where atube is the angular aperture of the cone beam. In prac-

tice, the unused radiation (overbeam) falling outside the active

area of the detector is shielded by primary collimators at the

exit window of the x-ray tube, thus reducing the unnecessary

radiation exposure to the animal as well as part of the scattered

radiation that may reduce the image quality (IQ).

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

2.09.2.4 Data Workflow

A typical experimental setup for micro-CT imaging is depicted in

Figure 4. The image refers to the rotating specimen configura-

tion, but the data workflow is very similar to the case of rotating

gantry scanners. A personal computer (PC) is used to control the

x-ray tube, to configure and grab data from x-ray detector, and to

drive the rotating stage. The raw projection data are stored in the

PC, where they must be preprocessed prior to image reconstruc-

tion. The preprocessing consists in (a) the subtraction of the

offset due to the dark current, denoted in the preceding text by

Idark, and (b) a gain correction for the nonuniformity of the

detector response measured by flat-field images, Iflat. The pre-

processed (corrected) projection image, I0, is obtained from the

uncorrected image I using the following equation:

I
0
ij ¼ I

0
0

Iij � Iij
dark

� �
Iij

flat � Iij
dark

� �� � [8]
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Figure 4 Schematic drawing illustrating the main components of a typical e
The raw projection images are grabbed and stored in a PC and then are prep
nonuniformity (gain correction). Finally, the preprocessed projection images
volumetric image.
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for each detector pixel i,j, with i¼1,. . .,M and j¼1,. . .,N.

The operator h i denotes pixel-wise averaging of images, and the

constant I00 is a normalization factor given by the mean value of

all the pixels of the average dark-subtracted flat-field image:

I
0
0 ¼ 1

MN

XM
i¼1

XN
j¼1

Iij
flat � Iij

dark
� �� �

[9]

The acquisition of Idark and Iflat should be performed periodi-

cally in order to ensure proper IQ and to reduce artifacts.

Subsequently, the corrected projection images of each projec-

tion angle are log-transformed to give a set of line integrals of

the object function m:

Pij ¼ � ln
I
0
ij

I0 0
[10]

The set of log-transformed projection images, also referred to

as the divergent beam x-ray transform of m (Hamaker et al.,

1980; Natterer, 2001), can be sent as input of the tomographic

reconstruction algorithm as explained in the succeeding text in

Section 2.09.3. This is generally done on a dedicated worksta-

tion because of the high computational complexity of this task.

As an example, the reconstruction of a volume of 10243 voxels at

16-bit per voxel (2 GB) from 720 projections of 10242 pixels

(1.4 GB) will require an amount of 3.4 GB of data that must fit

into the random access memory of the workstation in order to

perform the reconstruction in reasonable times. The corrected

projection data can also be analyzed prior to reconstruction in

order to accurately measure the misalignment parameter of the

system, as explained in the succeeding text in Section 2.09.4.

These geometric parameters are then incorporated into the

reconstruction algorithm to produce tomographic images free

from misalignment artifacts.
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xperimental setup for rotating specimen benchtop micro-CT imaging.
rocessed to correct for dark signal (offset correction) and detector
are sent as input to a reconstruction program that computes the
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2.09.3 Reconstruction Algorithms

Any CT image reconstruction solves an inverse problem and

essentially involves the mapping, via a reconstruction algo-

rithm, of cone beam projection data into a 3D matrix corre-

sponding to the tomographic representation of the specimen

(Paulus et al., 2001). There are two major types of algorithms:

(1) filtered backprojection (FBP)-based algorithms and (2)

iterative algorithms (Kak and Slaney, 1988). In the category

of iterative algorithms, we also encounter statistical algorithms.

The most commonly used reconstruction algorithms in CT and

micro-CT are based on FBP. In FBP, the acquired 2D cone

beam projections are filtered, using a convolution kernel that

reduces the blurring inherent to the backprojection process,

and then are backprojected (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 backprojection was adapted by Feldkamp et al.

(1984) 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 suffi-

ciency condition (Tuy, 1983), the IQ of the reconstructed

images is acceptable if the cone angle is less than about 10�

(Holdsworth and Thornton, 2002), except for very unusual

object configurations (Defrise and Clack, 1995).

When the number of projections is limited, iterative and

statistical reconstruction algorithms can provide better IQ than

FBP. Reduction in the number of views translates directly to

reduced radiation dose to the animal. Furthermore, dynamic

imaging with micro-CT, such as in cardiopulmonary and perfu-

sion applications, often requires the use of scanning protocols

that challenge the constraints of traditional reconstruction algo-

rithms based on FBP, and violation of these constraints can

result in artifacts in the reconstructed data. Iterative algorithms,

such as algebraic reconstruction technique (ART) (Gordon et al.,

1970), present an alternative to FBP with the potential for

overcoming its limitations (Kak and Slaney, 1988).With such

algorithms, the reconstructed volume is refined by repeatedly

comparing simulated reprojections from the reconstructed vol-

ume with the original projections.

Artifacts from FBP reconstruction with an irregular angular

distributed set of projections are often manifested as long thin

streaks. Total variation minimization (TV) has been recognized

for its purported ability to suppress streaks while leaving

boundaries between homogeneous regions intact (Rudin

et al., 1992). The TV minimization can be interleaved with

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Comparison of image quality of FBP (a) and SART-TV (b) reconst
were used (Song et al., 2007) for a 4D micro-CT application involving retrosp
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iterative reconstruction algorithms such as simultaneous alge-

braic reconstruction technique ART (SART) by performing a TV

minimization step at each iteration. To illustrate the power of

TV-based reconstruction, we present its application in 4D car-

diac micro-CT. As described later in this chapter, in 4D cardiac

micro-CT, sampling can be performed with prospective or

retrospective cardiorespiratory gating. Although faster than

prospective gating (PG), retrospective cardiorespiratory-gating

results in an irregular angular distribution of projections and

when used with analytical reconstruction algorithms, such as

FBP, it creates streaking artifacts. Figure 5 compares IQ of FBP

(a) and SART-TV (b) reconstructions when only 95 projections

with an irregular angular distribution were used (Song et al.,

2007). Note the reduction in the streaks with SART-TV.

Statistical image reconstruction is another class of iterative

reconstruction algorithms, first not only introduced for trans-

mission imaging in nuclear medicine but also applied for CT

reconstruction (Elbakri and Fessler, 2002). In essence, these

algorithms treat the reconstruction as a statistical estimation

problem and have the advantage that they can take into

account the Poisson model noise in projection data. This

results in lower noise levels with statistical reconstruction for

the same data when compared with FBP reconstruction.

One major limitation of iterative reconstruction algorithms

is their running time. To overcome this limitation, the graphics

processing unit (GPU) has been recognized as an alternative

computer architecture with potential for accelerating CT recon-

struction (Xu andMueller, 2007). Contemporary GPUs include

several hundred processor cores capable of performing the

same function on multiple elements of an array simulta-

neously. This parallel architecture is ideal for several steps of

CT reconstruction algorithms, in which the same memory and

arithmetic operations can be performed at multiple pixels or

voxels in parallel. The development of programming tools that

enable general-purpose programming on the GPU, such as the

Compute Unified Device Architecture (CUDA) (NVIDIA, Santa

Clara, CA), has facilitated the acceleration of CT reconstruction

programs, presenting the opportunity to explore more complex

algorithms. Micro-CT is already benefiting from GPU-based

implementation for iterative and statistical image reconstruc-

tion (Jakab et al., 2009; Johnston et al., 2010; Zhao et al., 2007).

 

2.09.4 Image Quality

This section focuses on some aspects of tomographic IQ assess-

ment that are specific to micro-CT imaging. Figuring out how

the choice of the components and of the geometry affects the
ructions, when only 95 projections with an irregular angular distribution
ective gating.

(2014), vol. 2, pp. 221-242 

Figure 5


High-Resolution CT for Small-Animal Imaging Research 229 

Author's personal copy
high-contrast spatial resolution could help on the good design

of a micro-CT scanner depending on the desired application.

The fundamental limits of spatial resolution achievable with a

proper scanner design can only be obtained after an accurate

estimation of the even small geometric misalignments of the

system. Furthermore, the physiological movement of living

animals due to respiration and cardiac cycle will further ham-

per the resulting spatial resolution without the use of specific

cardiorespiratory-gated acquisition protocols and reconstruc-

tion algorithms.

 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 

2.09.4.1 High-Contrast Spatial Resolution

One of the most relevant figures of merit of performance in

micro-CT imaging is the high-contrast spatial resolution, defined

as the minimum distance that two-point objects must have in

order to be distinguished as separated objects. In this section, we

will first show how the in-plane spatial resolution of a micro-CT

scanner can be estimated based upon the knowledge of its active

components and on the geometry of the system. In the present

discussion, we will assume that the system is shift-invariant, so

that we can neglect the variations of the system response

throughout the FoV. At the first order, the overall MTF of the

tomographic system of a given geometry depends on three com-

ponents: (1) the penumbra effect due to the finite size of the x-ray

focal spot, (2) the spatial resolution of the detector array, and (3)

the reconstruction algorithm (Holdsworth et al., 1993):

MTFtot fð Þ ¼ MTFfoc fð Þ�MTFdet fð Þ�MTFalg fð Þ [11]

where f denotes the spatial frequency. If the angular sampling

is properly done, it is safe to assume that the total MTF does not

depend on a particular direction in the transaxial plane, that is,

we can assume that the system’s point spread function is rota-

tionally invariant. Let us denote by LSFtot(x) the normalized

line spread function of the micro-CT scanner in the transaxial

plane at an arbitrary orientation; from the linear system’s

theory, we obtain

MTFtot fð Þ ¼
����I1D LSFtot xð Þf g

���� [12]

where I1D denotes 1D Fourier transform. Let us now assume

that the 2D point spread function PSFtot(x,y) in the transaxial

plane is a rotationally symmetrical Gaussian function with

standard deviation stot:

PSFtot x; yð Þ ¼ g2D x; y; stotð Þ [13]

The corresponding LSF can be obtained by integrating the 2D

PSF along an arbitrary direction in the x–y plane; from the

properties of the Gaussian function, it can be shown that the

integration of a 2D symmetrical Gaussian function along an

arbitrary direction yields a 1DGaussian function with the same

width. This property has a practical consequence because it

allows us to measure the system’s LSF and thus the MTF, by

integrating the system’s PSF image along an arbitrary direction.

In CT, it is easy to realize a physical measurement of the 2D PSF

on a given plane by scanning an object with negligible cross-

sectional size (e.g., a tungsten wire) placed perpendicularly to

the plane of interest (Kwan et al., 2007; Mettivier and Russo,

2011). A drawback of this method is that the cross-sectional
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diameter of the wire must be negligible with respect to the

width of the system’s PSF; if the diameter of the wire cannot

be neglected, the measured PSF must be deconvolved for the

finite aperture of the object. This can be done conveniently in

the frequency space dividing the resulting MTF by the central

profile of the 2D Fourier transform of a disk with the same

diameter of the wire (Nickoloff, 1988).

A rigorous derivation of the analytical form of the various

components of the MTF is reported in the literature

(Holdsworth et al., 1993; Yester and Barnes, 1977). In the

typical case of micro-CT systems employing indirect conver-

sion detectors (i.e., for the case in which the spatial resolution

of the detector is not limited by the sampling pitch), the three

blurring components can be modeled with good approxima-

tion with Gaussian functions (Paulus et al., 2000) with widths

equal to sfoc, sdet, and salg, respectively. From the convolution

theorem, it follows from eqns [11] and [12] that the width of

the system’s LSF is given by

stot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2foc þ s2det þ s2alg

q
[14]

In turn, the three blurring components depend on the geomet-

ric magnification so that (Belcari et al., 2007; Paulus et al.,

2000)

stot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 1

M

� 	
s0

foc


 �2
þ 1

M
s0

det

� 	2

þ 1

M
s0

alg

� 	2
s

[15]

where s0foc and s0det represent the width of the x-ray focal spot

and of the detector LSF on the detection plane, respectively.

These quantities have to bemeasured experimentally, while the

algorithm component s0alg can be estimated theoretically upon

the following consideration. The backprojection involves lin-

ear interpolation of filtered data, which is equivalent to a

convolution with a triangle function FWHM equal to the detec-

tor sampling pitch Du. If no further apodization window is

used (i.e., standard ramp filter is used), the linear interpolation

is the only source of blurring attributable to the reconstruction

algorithm. It is easy to show that the focal spot contribution in

eqn [15] is equal to b/M, that is, it is obtained by scaling the

geometric unsharpness of the penumbra effect (eqn [1]) by the

geometric magnification. Because eqn [15] has been derived

on the assumption that all blurring components are Gaussian-

shaped, for the sake of simplicity, we approximate the triangle

to a Gaussian with standard deviation equal to

s
0
alg ¼ Du

2:355
[16]

Equation [15] can be used for the in-plane spatial resolution of

a micro-CT scanner from the performance of its components

and its geometry, and it has been validated experimentally over

a range of magnifications relevant for in vivo imaging (Belcari

et al., 2007). It is interesting to study the behavior of the spatial

resolution as a function of M, for typical values of s0foc, s0det,
and s0alg. The graphs in Figures 6 and 7 show this dependence

in terms of the two most used figures of merit for spatial

resolution, that is, the full width at half maximum, wFWHM,

wFWHM ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
stot ’ 2:355stot [17]

and the spatial frequency at 10% of the MTF, f10%,
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Figure 7 Same as Figure 5, for several values of wfoc. The detector resolution and the sampling pitch are both kept fixed at s0det¼50 mm and
Du¼50 mm. At low magnification, the spatial resolution of the tomographic system is limited by the spatial resolution of the x-ray detector.

Figure 6 In-plane theoretical spatial resolution expressed as the spatial frequency at 10% MTF (left) and FWHM of the PSF (right), as a function
of the geometric magnification for several values of s0det. The focal spot size and the detector pitch are kept fixed at wfoc¼50 mm (FWHM) and
Du¼50 mm. At high magnification, the spatial resolution converges toward a plateau as it is limited by the finite size of the x-ray focal spot.
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f10% ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 10

p

2pstot
’ 0:342

stot
[18]

As expected, and as mentioned earlier in this chapter, the

intrinsic spatial resolution of the detector is progressively less

important for increasing values of the magnification. In fact,

for M�1, the object is more and more close to the x-ray focal

spot, the size of which will dominate the overall image

unsharpness. On the other hand, forM’1, the object is nearly

in contact with the detector so that the penumbra effect almost

vanishes. In this case, only the combined contribution of the

detector resolution and of the reconstruction algorithm influ-

ences the overall spatial resolution. Using eqn [15], it is possi-

ble to estimate the minimum value of stot (and hence the

optimal spatial resolution for the selected components) as a

function of M :
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stot,min ¼ s
0
focffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ s0
2

foc

s0
2

det þs0
2

alg

r , for M ¼ 1þ s
0 2
det þ s

0 2
alg

s02
foc

(19)

2.09.4.2 Misalignment Artifacts

Themodeling of the spatial resolution obtained in the previous

subsection applies only in the ideal case of a perfect alignment

of all the system components. This is normally achievable in

clinical scanners, but it is nearly impossible in micro-CT where

the allowed mechanical tolerances are on the same order of

magnitude of the thermal drifts of the components (Sasov

et al., 2008). An uncorrected displacement of the axis of rota-

tion (aor) of a tenth of the detector pitch may result in a
(2014), vol. 2, pp. 221-242 
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significant image blurring and consequently in a loss of image

spatial resolution. Displacements are continuously added in

the system by many factors, including mechanical instability,

vibrations, and thermal drifts of mechanical parts. Many

methods have been proposed for the measurement of the

misalignment parameters from the analysis of the acquisition

data in cone beam geometry (Beque et al., 2003; Defrise et al.,

2008; Noo et al., 2000; von Smekal et al., 2004; Yang et al.,

2006). Such parameters can be embedded into the reconstruc-

tion process in order to produce misalignment-free recon-

structed images (Karolczak et al., 2001).

The most used method to date for the geometric calibration

of cone beam scanners is the one proposed by Noo and suc-

cessively refined by Bequé and Defrise. This method makes use

of a phantom consisting of two or more small spherical objects

(at least three in the modification of Bequé); each object traces

an ellipse on the detector plane during the tomographic acqui-

sition, and hence, the geometry of the tomographic system can

be determined by the analysis of all the ellipses.

Despite their accuracy, a drawback of the calibration

methods based on special phantom is that they need dedicated

acquisition sessions to be applied. Many commercial systems

for micro-CT imaging now provide zoom-in capability and

variable geometry. In such case, nearly continuous calibration

of the system’s geometry should be necessary to guarantee the

stability of the image spatial resolution. For this purpose,

methods of self-calibration have been developed that attempt

to estimate a subset of the geometric parameters of the system

from the projection data of a generic object (Panetta et al.,

2008) or by postreconstruction optimization of image-based

metrics of image sharpness (Wicklein et al., 2012).

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 

2.09.4.3 Cardiorespiratory Gating in Small-Animal Micro-CT

To minimize the influence of physiological motion,

cardiorespiratory-gating strategies play an important role dur-

ing in vivo scanning. 4D micro-CT used in cardiopulmonary

studies typically employs either PG or retrospective gating

(RG). In PG, acquisition is triggered by the coincidence of a

selected respiratory phase and a selected cardiac phase. This

produces 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 can

take as long as 1 h to cover 10 different phases of the cardiac

cycle (Badea et al., 2004).

In RG, the projection images are acquired at a rapid and

constant rate without waiting for cardiac and respiratory coin-

cidence. Respiratory and ECG signals are monitored and saved

in synchrony with the acquisition of the projections. Post-

sampling using these signals, the projections are retrospectively

sorted into different subsets corresponding to different cardiac

and respiratory phases. With this protocol, the scan time can be

shortened to 50 s, when using a slip-ring gantry (Drangova

et al., 2007). However, the irregular angular distribution causes

streaking artifacts in the FBP-based reconstructed images. As

shown by Figure 7, superior results are possible using iterative

algorithms such as SART-TV (Song et al., 2007). Recently, a

new strategy called fast prospective gating (FPG) has been

introduced (Guo et al., 2012), which combines the regular
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angular distribution of PG with the fast scan time of RG. In

FPG, multiple projections are acquired at the same angle,

corresponding to all cardiac or respiratory phases to be recon-

structed, before the cradle is rotated to the next angle. FPG

requires on-the-fly computation of the triggering events, which

are delayed from the peaks of the respiratory or cardiac signals.

In terms of implementation, most of the proposed methods

involve extrinsic cardiorespiratory gating, in which the cardiac

and respiratory signals are acquired with dedicated monitoring

devices, that is, ECG leads and a pneumatic respiratory pillow.

In addition to these extrinsic gating techniques, an intrinsic

image-based gating approach without any external devices has

been developed initially for a clinical cone beam spiral CT

scanner (Kachelriess et al., 2002). In intrinsic gating, a post-

processing algorithm evaluates the center of mass of certain

regions of interest within each projection to detect the respira-

tory and cardiac motion (Bartling et al., 2008; Dinkel et al.,

2008; Sawall et al., 2011).

 

2.09.5 Applications of Small-Animal Micro-CT

2.09.5.1 Bone Imaging

Micro-CT has been used to investigate the structure and density

of rodent bone since its very beginning (Feldkamp et al., 1989;

Kinney et al., 1995), due to its high spatial resolution and high

contrast in imaging mineralized tissues. In fact, the study of

bone architecture and density drove the early developments of

micro-CT systems (Ruegsegger et al., 1996). When applied to

in vitro studies, the spatial resolution of dedicated benchtop

systems approaches that provided by synchrotron sources (Boyd

et al., 2006; Chappard et al., 2006). For in vivo applications, the

acquisition protocol is constrained by dose to the animal (Ford

et al., 2003), leading to a reduction in spatial resolution. None-

theless, a nominal spatial resolution of about 50 mm has been

shown to be effective in following live rats during studies of

osteoarthritis (Appleton et al., 2007; McErlain et al., 2008) and

bone remodeling (Cowan et al., 2007).

The ability to apply micro-CT for longitudinal studies in

orthopedic applications has also been demonstrated in the

study of bone architecture changes over time (David et al.,

2003; Waarsing et al., 2005), where parameters such as volu-

metric bone mineral density, bone volume ratio, bone surface

ratio, and trabecular thickness are reported. A comprehensive

review of the morphometric parameters that can be extracted

from bone micro-CT images has been published recently

(Bouxsein et al., 2010). Such micro-CT bone structural param-

eters were used to show significant effects due to VEGF (Li

et al., 2009) and stem cell (Lee et al., 2009) treatments in

bone healing or to investigate trabecular bone loss and cortical

thickening in total body irradiation and bone marrow trans-

plantation in mice (Dumas et al., 2009). In osteoporosis

research, micro-CT data of the proximal tibiae in small-animal

models allow the study of the progression of disease after

ovariectomy (Laib et al., 2001) or immobilization (Laib

et al., 2000). Similar quantification has been performed also

on human biopsy specimen from iliac crest bone to assess the

effect of therapy, as the injection of human parathyroid

hormone (Dempster et al., 2001). In bone regeneration stud-

ies, the calvarial defect model in rats has been used extensively
, (2014), vol. 2, pp. 221-242 
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with micro-CT imaging, which can provide quantitative infor-

mation on bone mineral content and bone fractional area

(Umoh et al., 2009). Also in the field of regenerative medicine,

micro-CT plays a fundamental role in the accurate determina-

tion of the three-dimensional structure of engineered bone

scaffolds, with particular emphasis on porosity and connectiv-

ity (Ho and Hutmacher, 2006; Lin et al., 2005). Finally, the use

of finite element methods applied on computerized meshes

generated from segmented bone images allows the nondestruc-

tive evaluation of the mechanical properties of bones and scaf-

folds, with a considerable improvement in the understanding

of bone biomechanical properties and a reduction in the num-

ber of sacrificed animals (Borah et al., 2001).

Some applications, such as studies of skeletal development

(Guldberg et al., 2004), may accept lower resolution but

require larger FoV, that is, imaging the whole mouse or rat

using the larger field of view offered by flat-panel-based sys-

tems (Bartling et al., 2007a,b; Drangova et al., 2007; Missbach-

Guentner et al., 2007). As an example of bone imaging using

micro-CT in Figure 8, we present images from a longitudinal

study of bone healing in a model of large lesion in rat femur.

Due to the lesion site and extension, the in vivo imaging

required the acquisition of the whole lower abdomen at a

relatively large voxel size (80 mm in this case) and low dose,

allowing the quantification of healing progression with differ-

ent therapies by measuring bone volume and cortical thickness

at the lesion site through the time. The same femur has also

been imaged at high resolution after animal sacrifice and organ

excision at a voxel size of 18 mm, allowing the quantification of

the callus porosity. This type of imaging helps in the assess-

ment of the efficacies of different therapeutic approaches in

bone pathologies involving a significant loss of substance or in

subjects with production deficit of the bone callus. In particu-

lar, there is high interest in the development of novel biomi-

metic materials with osteogenic properties, which can also be

associated with cellular therapies (Granero-Molto et al., 2008;

Kokubo et al., 2003).

The study of cancellous bone requires higher resolution and

is often performed on excised bones ex vivo. This is due to the
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Figure 8 Longitudinal study of bone healing in a model of large lesion in ra
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small thickness of trabeculae in small-animal cancellous bone,

which can be as thin as 30–50 mm (Martin-Badosa et al., 2003).

To avoid quantification errors due to the partial volume effect,

voxel size in the range of 1–20 mm is used for this type of

application. As a rule of thumb, avoiding partial volume arti-

facts requires that the minimum thickness of the measured

object should be at least two times the imaging system’s

FWHM spatial resolution. The quantification of the morpho-

metric parameters is performed on a binary image obtained by

segmenting the original micro-CT volume. In most cases, due

to the high contrast between bone marrow and muscle, simple

threshold-based segmentation is sufficient for both cancellous

and cortical bone segmentation on micro-CT images of ade-

quate spatial resolution; in some cases, the original images

must be corrected for nonuniformity in order to apply reliably

a single global threshold. In all cases, care must be taken in the

selection of the threshold value as the result of the quantifica-

tion can depend sensibly on this quantity (Ding et al., 1999).

Several automatic methods have been developed for the robust

selection of the threshold value, mostly based on the analysis

of the histogram of the original image or volume of interest

(Buie et al., 2007). Figure 9 shows an example of ex vivo study

of cancellous bone on a mouse vertebra, acquired at a voxel

size of 11 mm.

 

2.09.5.2 Lung Imaging

Helped by the inherent contrast provided at air/tissue inter-

faces, CT is a powerful modality for lung imaging. However,

pulmonary micro-CT imaging in small animals has been chal-

lenging, due to the small size and rapid respiratory motion. As

shown by Ritman (2005), a micro-CT voxel size on the order of

75 mm is required to provide anatomic resolution in the mouse

comparable to that obtained in CT for humans. Nonetheless,

micro-CT can be used successfully to study various lung disease

models, such as emphysema and fibrosis. An emphysema

model was created in mice by using intratracheal instillation

of pancreatic elastase and imaged with micro-CT (Postnov

et al., 2005). Emphysemic regions have shown lower HU
olution)

30 gg 60 gg 90 gg

Ex vivo
(18mm

resolution)

1 mm

t femur. In order to reduce the radiation dose, the images acquired
asia, the femurs are excised and placed in test tubes, thus allowing longer
his case).
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Figure 9 Quantitative 3D morphometry on cancellous bone is usually performed ex vivo using high-resolution rotating specimen micro-CT. The image
earlier shows a vertebra of a mouse reconstructed at isotropic voxel size of 11 mm.
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values than the normal lung, while the lung volume in these

diseased animals was increased. Fibrosis models have also

been created in mice, by instillation of bleomycin, and studied

longitudinally with micro-CT during diseases progression

(Shofer et al., 2007). The fibrotic lung regions are identified

in micro-CT images by the resulting increase in HU. Further-

more, some studies have also shown that lung compliance can

be measured in small animals using micro-CT, by implement-

ing breath-holding over a range of specified pressures and

calculating lung volumes from the corresponding images to

produce a pressure–volume curve (Guerrero et al., 2006;

Shofer et al., 2007). Micro-CT imaging-based compliance mea-

surements were validated against the gold standard provided

by quasistatic compliance measurements using a commercially

available small-animal ventilator (Shofer et al., 2007). The loss

of pulmonary compliance was investigated in a study of irra-

diated mice (Guerrero et al., 2007). Micro-CT imaging of lung

tumors is generally performed without the administration of a

contrast agent. However, in some lung disease models, the use

of nanoparticle-based blood pool contrast agents may be ben-

eficial, since it may allow the assessment of the vascular density

of the lung or even vascular permeability of tumors via

enhanced permeability and retention (EPR) (Badea et al.,

2012). In vivo micro-CT also provides the capability for

contrast-enhanced imaging of the rodent lung using stable

xenon gas as an inhaled contrast agent. This procedure has

been described in a study with adult rats (Lam et al., 2007).

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 

2.09.5.3 Cardiac Imaging

Micro-CT has been used to visualize the 3D coronary circula-

tion ex vivo in the young and aged rodent heart

(Sangaralingham et al., 2012). Alternatively, rapid 3D pheno-

typing of cardiovascular development in mouse embryos has

been achieved by ex vivo micro-CT with iodine staining

(Degenhardt et al., 2010). In vivo micro-CT-based cardiac
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morphological and functional imaging in mice and rats has

been reported using both PG and RG approaches (Badea et al.,

2005, 2007, 2008c; Bartling et al., 2007a,b; Detombe et al.,

2008; Drangova et al., 2007; Nahrendorf et al., 2007; Song

et al., 2007). Using both approaches, quantitative estimates

can be made for ejection fraction, stroke volume, and cardiac

output on the basis of left ventricle (LV) volumemeasurements

in the 4D (3Dþ time) micro-CT data sets.

Cardiac micro-CT requires the use of contrast agents to be

able to discriminate between the myocardium and the blood.

In most of the proposed studies, blood pool contrast agents

have been used; although with faster scanning available with

the flat-panel-based systems (Bartling et al., 2007a,b; Drangova

et al., 2007), this may be optional. For example, recently, a

method for imaging cardiac perfusion in the mouse has been

proposed using a scan protocol that consists of repetitive injec-

tions of conventional low-molecular-weight contrast media

within several consecutive scans (Sawall et al., 2012). How-

ever, most of the cardiac micro-CT studies use a blood pool

contrast agent based on which 4D cardiac micro-CT image is

used to measure cardiac function, via ejection fraction and

cardiac output. The accuracy of these measurements was stud-

ied as a function of the volume of contrast agent and the

number of projections used for reconstruction (Badea et al.,

2008c). Reduction of the volume of contrast agent reduces

hypervolemia effects on the hemodynamics, while the reduc-

tion in the number of projections translates directly into

reduced radiation dose. It was determined that if 5% error in

LV volumetric estimation is acceptable, as suggested for human

cardiac CT (Haraokawa et al., 2004), then sufficient cardiac

micro-CT IQ could be provided with approximately 126 pro-

jections and with a contrast dose of 0.01 ml Fenestra VC per

gram body weight. With other formulations of blood pool

contrast agents that contain higher iodine concentration, the

total volume injected may be further reduced. Other contrast

agent formulations, such as eXIA 160, an aqueous colloidal
, (2014), vol. 2, pp. 221-242 
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polydisperse contrast agent with a high iodine concentration

(160 mg I per milliliter), have also been proposed for cardiac

micro-CT, since it creates strong contrast between the blood

and the tissue with a low injection volume of only 0.005 per

gram in a mouse (Detombe et al., 2012). Notably, this contrast

agent was also taken up by the myocardium and provided

continued enhancement when it was eliminated from the

blood.

Examples of 4D micro-CT in F344 rats acquired using

cardiorespiratory PG and reconstructed at voxel size of 88 mm
are shown in Figure 10. The cardiac function analysis based on

4D micro-CT is performed with Vitrea software (Vital Images,

Inc., Minnetonka, MN). 4D micro-CT data are segmented; LV

lumen, endocardium, and epicardium are traced using a fast

semiautomatic approach (a,b). Some advanced heart visuali-

zation in diastole/systole is shown in (c,d). LV end-diastolic/

end-systolic volumes are shown in (e). Bull’s eye plots display

LV wall thickness, wall motion, and regional ejection fractions.

Global cardiac functional measures such as cardiac output,

stroke volume, and ejection fraction are shown in the inserted

table. These cardiac measures require laborious segmentation

of the murine heart in 4D, which can be faster achieved via

registration (Clark et al., 2012a).

Cardiac micro-CT can also be used for weekly imaging

following a sham or coronary ligation surgery to monitor LV

remodeling postinfarction (Detombe et al., 2008). Assessment

of cardiac function and infarct size was also demonstrated

using delayed contrast enhancement by combining the blood

pool contrast agent Fenestra VC and a low-molecular-weight

contrast agent (Nahrendorf et al., 2007).

Cardiac micro-CT shows considerable promise as a tool for

routine structural and functional phenotyping of transgenic

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)

(c) (d)

(b)

SystoleDiastole

Figure 10 Cardiac function analysis (F344 rat) based on 4D micro-CT using
endocardium, and epicardium are traced using a fast semiautomatic approac
end-diastolic/end-systolic volumes are computed and measures are derived (e
ejection fraction.
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and knockout mouse models, as was demonstrated by Badea

et al. who imaged transgenic muscle LIM protein-null mice to

compare the micro-CT measurements with M-mode echocar-

diography in a model of heart failure (Badea et al., 2007).

Cardiac micro-CT has also been used for the evaluation of

drug effects, such as those shown in a study on dobutamine-

induced cardiac stress (Badea et al., 2011a) in rats.

As with all in vivo micro-CT, the dose delivered to the

animal must be considered. When PG-based cardiac micro-

CT was initially proposed, it involved long scan times and a

radiation dose higher than 1 Gy. With retrospective gating

(RG), the entrance exposure was <0.3 Gy to reconstruct scans

covering the entire cardiac cycle (Drangova et al., 2007). More

recent 4D micro-CT methods using superior image reconstruc-

tion algorithms have achieved a dose close to 0.2 Gy (Armitage

et al., 2012; Badea et al., 2011b,c; Johnston et al., 2012; Sawall

et al., 2011).

 

2.09.5.4 Cancer Imaging

Micro-CT has proven to be useful in tumor detection, progres-

sion, and imaging tumor angiogenesis. In terms of detecting

lung tumors, for example, micro-CT has been used to detect

lung nodules with a minimum volume of 0.63 mm3 (Cody

et al., 2005), when using a ventilator and a PG triggering

approach.

Cancer imaging with micro-CT is intimately related to the

use of contrast agents. Dynamic micro-CT has also been

applied to the direct measure of perfusion in tumors following

the injection of conventional contrast agent (Kan et al., 2005;

Phongkitkarun et al., 2004). The acquisition of perfusion

information requires rapid scanning and has only become
Parameter
Ejection fraction

End diastolic volume

(f)

(e)

End systolic volume

Stroke volume

Cardiac output

Mass

Wall motion

Wall motion/thickness

Wall thickness Regional EF (%)

Measured values
59.7%
443.0ml

177.9ml
265.1ml

98.2ml min-1

586 mg

Vitrea software. 4D data are segmented; left ventricle (LV) lumen,
h (a,b). Advanced heart visualization in diastole/systole (c,d). LV
). (f) Bull’s eye plots display LV wall thickness, wall motion, and regional
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Green – Bone

Red – Lip_I
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Figure 11 Dual-energy micro-CT is used to evaluate both blood
volume and permeability for a primary sarcoma tumor in a genetically
engineeredmouse using gold (AuNp)- and iodine (Lip-I)-based nanoparticles
at two imaging time points (i.e., 0 and 72 h post-AuNP injection).
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possible with the introduction of slip-ring-based micro-CT

scanners capable of acquiring 3D image data sets once per

second for periods of a minute or longer (Du et al., 2007). To

achieve adequate coverage in the longitudinal direction, the

rapid scans often require a reduction in spatial resolution in

the longitudinal direction. CT perfusion measurements enable

the quantitative evaluation of functional parameters, such as

blood flow, blood volume, and permeability–surface area

product – a measure of the leakage rate of contrast from the

capillaries into the interstitial space. But due to their rapid

clearance in small animals, conventional low-molecular-

weight contrast agents are not widely used for micro-CT.

Instead, large-molecular-weight or blood pool contrast agents

are preferentially used for cancer imaging with micro-CT. We

present next a number of examples of cancer imaging using

large-molecular-weight or nanoparticle-based contrast agents.

Using Fenestra VC, Kindlmann et al. (2005) examined the

intermediate and large vessels of alveolar rhabdomyosarcomas

in a transgenic mouse model. The investigators suggested that

micro-CT with Fenestra VC had the best potential for defining

vessel diameter, tortuosity, and density for anti-angiogenesis

models, but to visualize tumor capillaries, it was necessary to

develop instruments that had a higher resolution than those

used in their study.

Micro-CT imaging studies were performed in nude mice

bearing STC-1 tumors 15 and 30 days after grafting

(Almajdub et al., 2007). Animals were injected with Fenestra

LC and imaged at 2 and 4 h after the injection. The liver and

spleen were clearly differentiated after administration of the

contrast agent, reaching mean contrast-to-noise ratios of >2.0

for the liver and �10 for the spleen at the different imaging

times. In the spleen, quantification of the tumors with Fenestra

LC was not precise, whereas in the liver, tumors (0.3–1.5 mm)

were detectable at day 30. Significant amounts of the contrast

media were observed to persist in the animals for up to 15 days

after a single injection, allowing quantitative follow-up of

tumors in both the liver and the spleen, without additional

injection of contrast.

Liver tumor volumes have also been quantified in vivo using

Fenestra VC mice injected with murine B16F1 melanoma cells;

in this case, Fenestra VC was used instead of Fenestra LC in

order to remove the ambiguity between unopacified liver ves-

sels and tumors in the liver by selecting a time point post-

contrast injection (8 h) (Graham et al., 2008). Because many

liver metastases grow on the surface of the liver, a combined

strategy of Fenestra VC plus an intraperitoneal injection of

extracellular contrast agent was shown to improve the preci-

sion and accuracy of tumor volume measurement and enables

the quantitation of total tumor burden (Graham et al., 2008).

Small lesions like liver metastases have also been imaged using

a nanoparticle alkaline earth metal-based contrast agent

(Viscover ExiTron nano) developed for small-animal liver CT

imaging (Boll et al., 2011).

The advances in synthesizing nanoparticle contrast agents

(Hainfeld et al., 2006; Jackson et al., 2011; Mukundan et al.,

2006; Rabin et al., 2006) have enabled high-resolution rodent

studies using micro-CT. As imaging probes, these nanoparticle-

based contrast agents have also opened the door for molecular

CT imaging using various targeting strategies (Chanda et al.,

2011; Cormode et al., 2010; Ghann et al., 2012; Popovtzer
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et al., 2008; Reuveni, 2011; Wyss et al., 2009). A liposomal-

iodinated (Lip-I) contrast agent has been used to image the

tumor microenvironment with exquisite detail (Ghaghada et al.,

2011; Moding et al., 2012). The same Lip-I has enabled to differ-

entiate between fast- and slow-growing primary lung tumors in

mice (Badea et al., 2012) based on its differential accumulation

over time caused by the EPR effect (Maeda, 2001). A natural

extension of these studies is to introduce multiple probes that

incorporate different high-Z materials (e.g., iodine, gold, and

gadolinium) to allow colocalization studies using multienergy

photon-counting detectors (Schlomka et al., 2008).

As an example, we show how two types of nanoparticle

contrast agents based on Au and I are used for vascular

imaging with dual-energy micro-CT of a soft tissue sarcoma

(see Figure 11). To decompose micro-CT data containing a

mixture of the two nanoprobes into quantitative, 3D maps of

the concentrations of each element, a postreconstruction

decomposition method was applied (Badea et al., 2011b,c;

Clark et al., 2012b). For each voxel, the decomposition

entailed the solution to a system of equations with two

unknowns representing the concentrations of I and Au. The

protocol first involved the injection of the AuNp followed by

an immediate dual-energy micro-CT scan (0 h). At this early

imaging time point, the AuNps are intravascular and enable

the visualization of the 3D vascular tree and computation of

the fractional blood volume. Three days later (i.e., at 72 h)

post-AuNp injection, Lip-I nanoparticles were injected. A new

dual-energy micro-CT scan allowed the visualization of both

the architecture of vessels and the extravasation associated with

their permeability. The passive accumulations of AuNp are due

to an EPR effect.

 

2.09.5.5 Multimodality Imaging Using Micro-CT

Another way in which micro-CT can be used in the study of

both function and anatomy is by combining it with other

imaging modalities, such as positron emission tomography

or single-photon emission tomography (PET or SPECT; see

also Chapters 1.06, 1.07, and 1.04 as well as Chapter 1.10).
, (2014), vol. 2, pp. 221-242 

Figure 11


236 High-Resolution CT for Small-Animal Imaging Research 

Author's personal copy
Although very sensitive, the nuclear imaging methods are lim-

ited by poor spatial resolution, which becomes an issue when

imaging mice. Micro-CT is therefore useful in providing ana-

tomical reference and also enables corrections of g-ray attenu-

ations through tissue. Multimodality can be best performed by

combining both imaging modalities (micro-PET/micro-CT or

micro-SPECT/micro-CT) in one scanner (sometimes referred to

as hardware image fusion) and performing simultaneous or

sequential data acquisitions (Goertzen et al., 2002; Kastis et al.,

2004; Liang et al., 2007). Even in case of hardware fusion, a

rigid registrationmust be applied to match the reference frames

of the different acquisition systems (Jan et al., 2005). An

advantage of simultaneous acquisition is to cancel out the

temporal gap between the two scans, so that the animal is in

the same position in both images and no further (nonrigid)

registration procedures are required. Nevertheless, most of the

multimodal preclinical scanners to date provide sequential

scanning of the anatomical and functional images, mainly

due to severe constraints on the system hardware limiting the

IQ of both modalities in case of simultaneous acquisition

(Townsend, 2008). Simultaneous data acquisition will be still

of interest in the future for the hardware fusion of different

functional modalities such as PET and SPECT (Bartoli et al.,

2007) or PET and MRI (Judenhofer et al., 2008) because of the

unique possibility of adding temporal correlation to the spa-

tially coregistered volumes. Differently from clinical multi-

modal imaging, in small-animal imaging, it is possible in

some degree to perform sequential anatomical and functional

image acquisition with two separate scanners (referred to as

software fusion), as long as those scanners are equipped with

compatible mechanics and interchangeable animal beds

(Chow et al., 2006; Vanhove et al., 2009). In this latter case,
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Figure 12 Similar to the case of clinical PET/CT, micro-CT images are used
attenuation correction of micro-PET images. For this purpose, the voxel value
511 keV g-photons, and then, the micro-CT volume is blurred to the resolutio
to generate the attenuation correction factors (ACF) for the PET sinograms.
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attention must be paid on not perturbing the animal on the

common bed or imaging chamber if it is not tightly

immobilized.

2.09.5.5.1 Attenuation correction in emission tomography
Micro-CT images are used in hybrid small-animal micro-PET/

CT scanner to perform the attenuation correction of micro-PET

images. The data processing workflow for micro-CT attenua-

tion correction (micro-CTAC) is very similar to that used for

correction of PET data from CT images in combined clinical

PET/CT scanners (Figure 12). For this purpose, the voxel values

are first scaled to the corresponding attenuation coefficient of

511 keV g-photons using a bilinear function (Chow et al.,

2005); then, the micro-CT volume is blurred with a 3D Gauss-

ian kernel to match the resolution of the micro-PET image.

Finally, the blurred m-map is forward projected to generate the

attenuation correction factors (ACF) for the PET sinograms.

The ACF sinograms are simply applied to the corresponding

original PET sinograms by element-wise multiplication. It is

very important that the micro-PET and micro-CT volumes

are correctly registered before generating ACF sinograms;

otherwise, severe artifacts may arise on PET images especially

near to interfaces between structures with highly different x-ray

attenuation coefficient, such as skin–air or myocardium–lung

interfaces (Kennedy et al., 2009). The effect of CTAC is shown

in Figure 13 for micro-PET images of the NEMA NU4-2001 IQ

phantom, acquired with the YAP-(S)PET II scanner (ISE s.r.l.,

Vecchiano, Italy) (Del Guerra et al., 2006); the m-map was

generated from micro-CT volumetric data of the same phan-

tom acquired with the x-ray Animal Tomograph (Xalt) proto-

type scanner (Panetta et al., 2012). The two scanners are

equipped with compatible mechanics for bed positioning,
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Figure 13 The effect of CT attenuation correction (CTAC) of micro-PET images (YAP-(S)PET II, ISE s.r.l., Vecchiano, Italy) from amicro-CT derived m-map.
After CTAC, the apparent nonzero activity in the empty and water-filled holes (top row) and the cupping effect (bottom row) are correctly removed.

High-Resolution CT for Small-Animal Imaging Research 237 

 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Author's personal copy
allowing for software fusion of micro-CT and micro-PET

images. After CTAC, the apparent nonzero activity in the

empty and water-filled holes (top row) and the cupping effect

(bottom row) are correctly removed. More important, the

CTAC procedure corrects for the underestimation of the recon-

structed activity inside the object, which can be in the order of

30–60% for mice and rats.

Less straightforward is the attenuation correction of micro-

SPECT or pinhole SPECT data from micro-CT-derived m-maps.

In this case, the attenuation of g-photons does depend on the

actual location where the radioactive decay takes place, infor-

mation that is not available in the projection space of the

emission data. For this reason, the most used method for AC

in SPECT simplifies the problem by considering a uniform

attenuation coefficient through the entire object, thus avoiding

the use of transmission data (Chang, 1978). More accurate

correction can be obtained by including the information of the

micro-CT-derived coregistered m-map into the system matrix of

the maximum-likelihood reconstruction algorithm (Hwang and

Hasegawa, 2005; Vanhove et al., 2009). It is worth noting that

the absence of attenuation correction in SPECT can lead to a

higher underestimation and nonuniformity of the reconstructed

activity because of the lower energy of the emitted g-photons
(140 keV for 99mTc, 27–36 keV for 125I, and 159 keV for 123I).

Nevertheless, due to relative lower degree of quantification error

attributable to the absence of attenuation correction in small-

animal PET and SPECT with respect to the corresponding clin-

ical examinations, several small-animal nuclear imaging studies

are still performed without correction for g-photon attenuation

(Hwang et al., 2006; Vanhove et al., 2009).

Apart from just an anatomical reference, micro-CT can

provide complementary vascular information in tumor studies

where metabolic micro-PET imaging is also performed. To

illustrate this point, Figure 14 shows both micro-CT and

micro-PET images in a mouse with a mammary 4T1 tumor. A
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liposomal blood pool contrast agent (Lip-I) was injected 3 days

prior to imaging. 18F-FDG was injected (dose 0.019 mCi g�1)

30 min preimaging. A hybrid micro-PET/micro-CT Siemens

Inveon MM scanner was used for image acquisition. Note the

accumulation of the liposomes in liver (blue arrow), spleen (red

arrow), and tumor (green ellipse) in the micro-CT images. The

tumor presents high inhomogeneities in enhancement. Interest-

ingly, the hypoenhanced necrotic center of the tumor in micro-

CT (green arrow) lacks also enhancement in the micro-PET

image, indicating the lack of metabolism.

The use of multipinhole collimators has resulted in micro-

SPECT systems exhibiting submillimeter resolution, which are

well suited for in vivo studies of rats and mice (Beekman et al.,

2005). It is typically advantageous to combine such a micro-

SPECT system with micro-CT, in order to provide high-

resolution coregistered images of anatomy (Ritman, 2002; Tai

et al., 2008). Figure 15 illustrates the capability to perform

coregistered cardiac imaging with micro-SPECT and micro-CT

in a mouse with the U-SPECT-II/CT system (MILabs, Utrecht,

the Netherlands). This hybrid system is fitted with an ultra-

high-resolution 0.35 mm multipinhole collimator. The

anesthetized mouse was injected with 185 MBq of 99mTc-

tetrofosmin (GE Healthcare, Arlington Heights, IL) via a tail

vein catheter. Although optional, 0.008 ml per grammouse of a

liposomal-iodinated blood pool contrast agent has been injected

prior to imaging to allow a better delineation of themyocardium

(also shown in themicro-CT image). Themicro-SPECTdatawere

acquired over 30 min (3 frames, 10 min per frame) in list mode

and reconstructed using the pixel-based ordered subset

expectation maximization (POSEM) iterative reconstruction

algorithm (6 iterations, 16 subsets, and 0.125 mm voxel size).

Both micro-CT and micro-SPECT images were viewed using

PMOD v.3.3 biomedical image quantification software (PMOD

Technologies Ltd., Zurich, Switzerland). Note how the micro-

SPECT signal reflects myocardial perfusion information.
, (2014), vol. 2, pp. 221-242 
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Figure 15 A micro-SPECT image (b) can be overlaid on micro-CT(a) as in (c). The signal in SPECT image reflects myocardial perfusion.

Figure 14 Micro-CT-only (a,b) and combined micro-PET/micro-CT images (c,d) in axial (a,c) and coronal (b,d) orientations in a mouse at 3 days after
the injection of a liposomal contrast agent. Note the accumulation of the liposomes in the liver (blue arrow), spleen (red arrow), and tumor (green
ellipse). The tumor presents high inhomogeneities in enhancement. The hypoenhanced necrotic center of the tumor in micro-CT (green arrow) lacks also
enhancement in the micro-PET image.
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2.09.6 Conclusions

Micro-CT can provide a reliable platform for small-animal

imaging that is complementary to other small-animal methods

and can be used not only for morphological but also for more

challenging functional imaging. While an exhaustive compar-

ison of micro-CT to other small-animal imaging techniques is

beyond the scope of this review, some broad generalizations

are possible. Micro-CT methods are generally faster and less

expensive than micro-MRI, micro-SPECT, and micro-PET. The

resolving power of micro-CT is certainly greater than micro-

PET and usually higher than that of micro-MRI. But the sensi-

tivity of x-ray methods to the presence of specialized probes

falls far below other imaging methods. New generation of

ultrasound systems can provide higher spatial resolution than

x-ray methods, are less expensive, and do not suffer from the

problems related to dose. But in 3D or 4D, micro-CT can

provide considerably more accurate and precise measures of

volumes than ultrasound. Radiation dose and the limited
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contrast available in x-ray methods can be a limitation; at the

same time, newer contrast agents and novel new acquisition

and reconstruction strategies show extraordinary promise.

These developments, and exciting new opportunities in molec-

ular imaging, will surely continue to expand the applications

for micro-CT in the small animal.
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mass and microarchitecture of irradiated and bone marrow-transplanted mice:
Influences of the donor strain. Osteoporosis International 20(3): 435–443.

Elbakri IA and Fessler JA (2002) Statistical image reconstruction for polyenergetic X-ray
computed tomography. IEEE Transactions on Medical Imaging 21: 89–99.

Feldkamp LA, Davis LC, and Kress JW (1984) Practical cone-beam algorithm. Journal
of the Optical Society of America 1(6): 612–619.

Feldkamp LA, Goldstein SA, Parfitt AM, Jesion G, and Kleerekoper M (1989) The direct
examination of three-dimensional bone architecture in vitro by computed
tomography. Journal of Bone and Mineral Research 4(1): 3–11.

Flynn MJ, Hames SM, Reimann DA, and Wilderman SJ (1994) Microfocus X-ray
sources for 3D microtomography. Nuclear Instruments and Methods in Physics
Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment 353(1–3): 312–315.

Ford NL, Thornton MM, and Holdsworth DW (2003) Fundamental image quality limits
for microcomputed tomography in small animals. Medical Physics 30: 2869–2877.

Ghaghada KB, Badea CT, Karumbaiah L, et al. (2011) Evaluation of tumor
microenvironment in an animal model using a nanoparticle contrast agent in
computed tomography imaging. Academic Radiology 18(1): 20–30.

Ghann WE, Aras O, Fleiter T, and Daniel MC (2012) Syntheses and characterization
of lisinopril-coated gold nanoparticles as highly stable targeted CT contrast agents
in cardiovascular diseases. Langmuir 28(28): 10398–10408.

Goertzen AL, Meadors AK, Silverman RW, and Cherry SR (2002) Simultaneous
molecular and anatomical imaging of the mouse in vivo. Physics in Medicine and
Biology 47(24): 4315–4328.

Goertzen AL, Nagarkar V, Street RA, Paulus MJ, Boone JM, and Cherry SR (2004) A
comparison of x-ray detectors for mouse CT imaging. Physics in Medicine and
Biology 49(23): 5251–5265.

Gordon R, Bender R, and Herman GT (1970) Algebraic reconstruction techniques (ART)
for three-dimensional electron microscopy and x-ray photography. Journal of
Theoretical Biology 29: 471–481.

Graham KC, Ford NL, MacKenzie LT, et al. (2008) Noninvasive quantification of tumor
volume in preclinical liver metastasis models using contrast-enhanced x-ray
computed tomography. Investigative Radiology 43(2): 92–99.

Granero-Molto F, Weis JA, Longobardi L, and Spagnoli A (2008) Role of mesenchymal
stem cells in regenerative medicine: Application to bone and cartilage repair. Expert
Opinion on Biological Therapy 8(3): 255–268.

Grider DE, Wright A, and Ausburn PK (1986) Electron beam melting in microfocus
X-ray tubes. Journal of Physics D: Applied Physics 19(12): 2281.

Grodzins L (1983) Optimum energies for X-ray transmission tomography of small
samples. Nuclear Instruments & Methods 206(3): 541–545.

Guerrero T, Castillo R, Noyola-Martinez J, et al. (2007) Reduction of pulmonary
compliance found with high-resolution computed tomography in irradiated mice.
International Journal of Radiation Oncology, Biology, and Physics 67(3):
879–887.

Guerrero T, Castillo R, Sanders K, Price R, Komaki R, and Cody D (2006) Novel
method to calculate pulmonary compliance images in rodents from computed
tomography acquired at constant pressures. Physics in Medicine and Biology 51(5):
1101–1112.

Guldberg RE, Lin AS, Coleman R, Robertson G, and Duvall C (2004) Microcomputed
tomography imaging of skeletal development and growth. Birth Defects Research.
Part C, Embryo Today 72(3): 250–259.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Comprehensive Biomedical Physics, 

 

Guo XL, Johnston SM, Johnson GA, and Badea CT (2012) A comparison of sampling
strategies for dual energy micro-CT. In SPIE Medical Imaging, p. 831332.
Bellingham, WA: International Society for Optics and Photonics.

Hainfeld JF, Slatkin DN, Focella TM, and Smilowitz HM (2006) Gold nanoparticles:
A new X-ray contrast agent. British Journal of Radiology 79(939): 248–253.

Hamaker C, Solmon DC, and Wagnor SL (1980) The divergent beam x-ray transform.
Rocky Mountain Journal of Mathematics 10: 253–259.

Haraokawa T, Kido T, Higashino H, Mochizuki TYS (2004) Accuracy of LV volume
assessment using cardiac MSCT. RSNA.

Ho ST and Hutmacher DW (2006) A comparison of micro CT with other techniques
used in the characterization of scaffolds. Biomaterials 27(8): 1362–1376.

Holdsworth DW, Drangova M, and Fenster A (1993) A high-resolution XRII-based
quantitative volume CT scanner. Medical Physics 20(2 Pt 1): 449–462.

Holdsworth DW and Thornton M (2002) Micro-CT in small animal and specimen
imaging. Trends in Biotechnology 20(8): S34–S39.

Hwang AB and Hasegawa BH (2005) Attenuation correction for small animal SPECT
imaging using x-ray CT data. Medical Physics 32(9): 2799–2804.

Hwang AB, Taylor CC, VanBrocklin HF, Dae MW, and Hasegawa BH (2006) Attenuation
correction of small animal SPECT images acquired with 125I-iodorotenone. IEEE
Transactions on Nuclear Science 53(3): 1213–1220.

Jackson P, Periasamy S, Bansal V, and Geso M (2011) Evaluation of the effects of gold
nanoparticle shape and size on contrast enhancement in radiological imaging.
Australasian Physical & Engineering Sciences in Medicine 34(2): 243–249.

Jakab G, Racz A, Major P, Buekki T, and Nemeth G (2009) Fully GPU based real time
corrections and reconstruction for cone beam micro CT. In: Yu B (ed.) 2009 IEEE
Nuclear Science Symposium Conference Record, vols. 1–5, 4068–4071.

Jan ML, Chuang KS, Chen GW, et al. (2005) A three-dimensional registration method
for automated fusion of micro PET-CT-SPECT whole-body images. IEEE
Transactions on Medical Imaging 24(7): 886–893.

Johnston SM, Johnson GA, and Badea CT (2010) lGPU-based iterative reconstruction
with total variation minimization for micro-CT. In: Samei E and Pelc NJ (eds.)
Medical Imaging 2010: Physics of Medical Imaging. Proc. SPIE, vol. 7622,
p. 762238. San Diego, CA: SPIE Medical Imaging.

Johnston SM, Johnson GA, and Badea CT (2012) Temporal and spectral imaging with
micro-CT. Medical Physics 39(8): 4943–4958.

Jorgensen SM, Demirkaya O, and Ritman EL (1998) Three-dimensional imaging of
vasculature and parenchyma in intact rodent organs with X-ray micro-CT. American
Journal of Physiology 275: H1103–H1114.

Judenhofer MS, Wehrl HF, Newport DF, et al. (2008) Simultaneous PET-MRI: A new
approach for functional and morphological imaging. Nature Medicine 14(4): 459–465.

Kachelriess M, Sennst DA, Maxlmoser W, and Kalender WA (2002) Kymogram
detection and kymogram-correlated image reconstruction from subsecond spiral
computed tomography scans of the heart. Medical Physics 29(7): 1489–1503.

Kak AC and Slaney M (1988) Principles of Computerized Tomographic Imaging.
New York: IEEE Press.

Kalender WA and Kyriakou Y (2007) Flat-detector computed tomography (FD-CT).
European Radiology 17(11): 2767–2779.

Kan Z, Phongkitkarun S, Kobayashi S, et al. (2005) Functional CT for quantifying tumor
perfusion in antiangiogenic therapy in a rat model. Radiology 237(1): 151–158.

Karolczak M, Schaller S, Engelke K, et al. (2001) Implementation of a cone-beam
reconstruction algorithm for the single-circle source orbit with embedded
misalignment correction using homogeneous coordinates. Medical Physics 28(10):
2050–2069.

Kastis GA, Furenlid LR, Wilson DW, Peterson TE, Barber HB, and Barrett HH (2004)
Compact CT/SPECT small-animal imaging system. IEEE Transactions on Nuclear
Science 51: 63–67.

Kennedy JA, Israel O, and Frenkel A (2009) Directions and magnitudes of
misregistration of CT attenuation-corrected myocardial perfusion studies: Incidence,
impact on image quality, and guidance for reregistration. Journal of Nuclear
Medicine 50(9): 1471–1478.

Kindlmann GL, Weinstein DM, Jones GM, Johnson CR, Capecchi MR, and Keller C
(2005) Practical vessel imaging by computed tomography in live transgenic mouse
models for human tumors. Molecular Imaging 4(4): 417–424.

Kinney JH, Lane NE, and Haupt DL (1995) In vivo, three-dimensional microscopy of
trabecular bone. Journal of Bone and Mineral Research 10(2): 264–270.

Kokubo S, Fujimoto R, Yokota S, et al. (2003) Bone regeneration by recombinant
human bone morphogenetic protein-2 and a novel biodegradable carrier in a rabbit
ulnar defect model. Biomaterials 24(9): 1643–1651.

Kujoory MA, Hillman BJ, and Barrett HH (1980) High-resolution computed tomography
of the normal rat nephrogram. Investigative Radiology 15(2): 148–154.

Kwan AL, Boone JM, Yang K, and Huang SY (2007) Evaluation of the spatial
resolution characteristics of a cone-beam breast CT scanner. Medical Physics
34(1): 275–281.

 

(2014), vol. 2, pp. 221-242 

http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0235
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0235
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0240
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0240
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0240
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0245
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0245
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0245
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0245
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0250
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0250
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0255
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0255
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0255
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0255
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0260
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0260
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0260
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0265
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0265
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0265
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0270
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0270
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0270
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0275
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0275
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0280
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0280
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0285
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0285
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0285
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0290
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0290
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0290
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0290
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0295
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0295
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0300
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0300
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0300
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0305
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0305
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0305
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0310
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0310
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0310
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0315
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0315
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0315
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0320
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0320
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0320
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0325
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0325
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0325
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0330
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0330
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0330
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0335
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0335
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0340
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0340
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0345
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0345
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0345
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0345
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0350
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0350
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0350
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0350
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0355
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0355
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0355
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0360
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0360
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0360
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0365
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0365
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf9000
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf9000
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0370
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0370
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0375
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0375
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0380
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0380
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0385
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0385
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0390
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0390
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0390
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0390
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0395
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0395
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0395
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0400
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0400
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0400
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0405
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0405
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0405
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0410
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0410
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0410
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0410
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0415
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0415
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0420
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0420
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0420
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0425
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0425
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0430
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0430
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0430
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0435
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0435
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0440
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0440
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0445
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0445
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0450
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0450
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0450
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0450
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0455
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0455
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0455
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0460
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0460
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0460
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0460
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0465
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0465
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0465
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0470
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0470
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0475
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0475
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0475
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0480
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0480
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0485
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0485
http://refhub.elsevier.com/B978-0-444-53632-7.00210-0/rf0485


High-Resolution CT for Small-Animal Imaging Research 241 

 
 
 
 
 

Author's personal copy
Laib A, Barou O, Vico L, Lafage-Proust MH, Alexandre C, and Rugsegger P (2000) 3D
micro-computed tomography of trabecular and cortical bone architecture with
application to a rat model of immobilisation osteoporosis. Medical & Biological
Engineering & Computing 38(3): 326–332.

Laib A, Kumer JL, Majumdar S, and Lane NE (2001) The temporal changes of
trabecular architecture in ovariectomized rats assessed by microCT. Osteoporosis
International 12(11): 936–941.

Lam WW, Holdsworth DW, Du LY, Drangova M, McCormack DG, and Santyr GE (2007)
Micro-CT imaging of rat lung ventilation using continuous image acquisition
during xenon gas contrast enhancement. Journal of Applied Physiology 103(5):
1848–1856.

Lee SC, Kim HK, Chun IK, Cho MH, Lee SY, and Cho MH (2003) A flat-panel detector
based micro-CT system: Performance evaluation for small-animal imaging.
Physics in Medicine and Biology 48(24): 4173–4185.

Lee SW, Padmanabhan P, Ray P, et al. (2009) Stem cell-mediated accelerated bone
healing observed with in vivo molecular and small animal imaging technologies in
a model of skeletal injury. Journal of Orthopaedic Research 27(3): 295–302.

Li R, Stewart DJ, Von Schroeder HP, Mackinnon ES, and Schemitsch EH (2009) Effect
of cell-based VEGF gene therapy on healing of a segmental bone defect.
Journal of Orthopaedic Research 27(1): 8–14.

Liang H, Yang Y, Yang K, Wu Y, Boone JM, and Cherry SR (2007) A microPET/CT
system for in vivo small animal imaging. Physics in Medicine and Biology 52(13):
3881–3894.

Lin CY, Schek RM, Mistry AS, et al. (2005) Functional bone engineering using
ex vivo gene therapy and topology-optimized, biodegradable polymer composite
scaffolds. Tissue Engineering 11(9–10): 1589–1598.

Maeda H (2001) The enhanced permeability and retention (EPR) effect in tumor
vasculature: The key role of tumor-selective macromolecular drug targeting.
Advances in Enzyme Regulation 41: 189–207.

Martin-Badosa E, Amblard D, Nuzzo S, Elmoutaouakkil A, Vico L, and Peyrin F (2003)
Excised bone structures in mice: Imaging at three-dimensional synchrotron
radiation micro CT. Radiology 229(3): 921–928.

McErlain DD, Appleton CT, Litchfield RB, et al. (2008) Study of subchondral bone
adaptations in a rodent surgical model of OA using in vivo micro-computed
tomography. Osteoarthritis and Cartilage 16(4): 458–469.

Mettivier G and Russo P (2011) Measurement of the MTF of a cone-beam breast
computed tomography laboratory scanner. IEEE Transactions on Nuclear Science
58(3): 703–713.

Missbach-Guentner J, Dullin C, Zientkowska M, et al. (2007) Flat-panel detector-based
volume computed tomography: A novel 3D imaging technique to monitor
osteolytic bone lesions in a mouse tumor metastasis model. Neoplasia 9(9):
755–765.

Moding EJ, Clark DP, Qi Y, et al. (2012) Dual-energy micro-computed tomography
imaging of radiation-induced vascular changes in primary mouse sarcomas.
International Journal of Radiation Oncology, Biology, and Physics 85(5):
1353–1359.

Mukundan S Jr., Ghaghada KB, Badea CT, et al. (2006) A liposomal nanoscale
contrast agent for preclinical CT in mice. AJR. American Journal of Roentgenology
186(2): 300–307.

Nahrendorf M, Badea C, Hedlund LW, et al. (2007) High-resolution imaging of murine
myocardial infarction with delayed-enhancement cine micro-CT. American
Journal of Physiology. Heart and Circulatory Physiology 292(6): H3172–H3178.
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