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Cardiopulmonary imaging in rodents using micro-computed tomogrépfyis a challenging task

due to both cardiac and pulmonary motion and the limited fluence rate available from micro-focus
x-ray tubes of most commercial systems. Successful imaging in the mouse requires recognition of
both the spatial and temporal scales and their impact on the required fluence rate. Smaller voxels
require an increase in the total number of phot@ingegrated fluendeused in the reconstructed
image for constant signal-to-noise ratio. The faster heart rates require shorter exposures to minimize
cardiac motion blur imposing even higher demands on the fluence rate. We describe a system with
fixed tube/detector and with a rotating specimen. A large focal spot x-ray tube capable of producing
high fluence rates with short exposure times was used. The geometry is optimized to match focal
spot blur with detector pitch and the resolution limits imposed by the reproducibility of gating.
Thus, it is possible to achieve isotropic spatial resolution of 460 with a fluence rate at the
detector 250 times that of a conventional cone beam micro-CT system with rotating detector and
microfocal x-ray tube. Motion is minimized for any single projection with 10 ms exposures that are
synchronized to both cardiac and breathing motion. System performance was vailideitealby

studies of the cardiopulmonary structures in C57BL/6 mice, demonstrating the value of motion
integration with a bright x-ray source. @004 American Association of Physicists in Medicine
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I. INTRODUCTION system has been constructed to allow simultaneous use of
scan synchronous ventilation and cardiac gating.

The growing interest in mouse models of human disease has

produced a need for imaging systems that are designed spk- MATERIALS AND METHODS

cifically for small animals. The mouse represents a specific The system shown in Fig. 1 employs a fixed detector and
and important challenge. At 25 g, the mouse is nearly 3000 y_ray tube with the sample placed as close to the detector as
smaller than humans and requires a commensurate incregggssible to minimize magnification. The animal is suspended
in resolution over clinical systems for comparable organyertically in a 30 mm acrylic tube that is locked to a support
definition. A number of investigators have already demon-attached to a stepping motor that rotates the animal under
strated the potential for micro-computed tomograpBy) in - computer control. This approach provides two advantages
small animal model:® However, cardiopulmonary studies over the traditional third-generation CT geometry. First, this
have been limited® Since the image noise is proportional to approach allows use of a larger x-ray tube with a higher
(Ax)™%, whereAx is the dimension of the isotropic voxel, the fluence rate. Second, it is easier to rotate the 25 g animal
signal-to-noise ratigSNR) will decrease significantly over than the more massive tube and detector assembly. The sys-
that typical in clinical settings if the x-ray exposure to the tem uses a high-capacity rotating anode x-ray source de-
animal is held constant relative to that in the clinical signed for clinical angiographgPhilips SRO 09 5pwith a
setting~*°At the same time, the physiological motion in the dual 0.3/1.0 mm focal spot operating at 9 K&/3 mm focal
mouse is at least 20 faster than humans. Thus, for vivo  spoty and 50 kW (1.0 mm focal spot The detector is a
imaging of lung and heart in the mouse, special strategiesooled charge-coupled device camera with 3@& phos-
must be considered, e.g., short exposures to limit the motiophor on a 3:1 fiber optic reducéx-ray ImageStar, Photonics
blur with high fluence rate to improve the SNR. A number of Science, East Sussex, WKrhe camera has a 106 rirac-
commercial systems are now available that are scaled vetive field of view with an image matrix of 2048
sions of third-generation clinical CT scanners with x-ray tubex 2048 pixels of 5 51 microns. The camera drivers per-
and detector rotating about the object being scafinéd. mit flexible readout and rebinning. For the studies shown
Since this geometry results in magnification, it requires thehere, data were acquired over a whole field of view with
use of x-ray tubes with small focal spots to maintain thebinning producing two-dimensional 10241024 projections.
desired spatial resolution. We describe a design that allows A larger focal spot produces a higher fluence rate. But the
the use of larger focal spot x-ray tubes capable of producindlur from the larger focal spot reduces the spatial resolution.
much higher fluence rates with exposure times short enougBne can reduce this blur by moving the tube further from the
(10 m9 to limit motion blur in the heart and lungs. The object and detector, but this in turn reduces the fluence rate at

3324  Med. Phys. 31 (12), December 2004 0094-2405/2004/31 (12)/3324/6/$22.00 © 2004 Am. Assoc. Phys. Med. 3324



3325 Badea, Hedlund, and Johnson: Micro-CT with respiratory and cardiac gating 3325

)
—
T

Log Relative Fluence Rate
%

Fic. 1. The x-ray tubg@) and detectorb) are stationary. The mouse is
supported in an acrylic tubg) placed on a support which is rotated by a 250
computer-controlled stepping mot@). The tube and detector are supported
on a gantry(e) constructed from extruded aluminum to limit the impact of . ) ‘ ‘ . ‘ . ) -
building vibration. The relative position of the elements of the scanner is '30 02 0.4 0.6 0.8 1
easily adjusted. The valve for scan synchronous ventilatiprand ECG Focal Spot (mm)

leads are supported from the top of the gantry.

Fic. 2. Relative fluence rate is plotted as a function of focal spot dimension

for limiting resolution at 25, 50, and 100m. The fluence rate is normalized

to the maximum that is attained for resolution at 0@ with a focal spot
the detector. The fluence rate can be optimized by carefulf 0.3 mm. The normalized exposures for 80 kVp, 10 ms are plotted for the

tradeoff between the source detector distance and the resol@3 and 1.0 mm focal spots at teddrequired for resolution of 100, 50, and
tion. The rgsolution .Iimit due to penumbral qurrirtjg) in (ZigéumAa)nd the maximum current available for the two focal spd@d and
the projection plane is related to the focal spot diam@®y
the object detector distandedd), and the source detector
distance(sdd by Eq. (1)
odd ure 2 shows a plot of the maximum fluence rate that can be
b= —és. (1) obtained as a function of the focal spot dimension for three
sdd - od different cases of limiting resolutio(®5, 50, and 10Qwm).
A 25 g mouse is<30 mm in diameter. If one allows a The curves have all been normalized to the maximum flu-
10 mm space for clearance between the detector and moug)ce rate available for a resolution of 19, which occurs
one can use 40 mm as a conservative value for odd. Th&r a focal spot dimension of-0.3 mm. For the 0.3 mm
fluence rate from an x-ray tube is linearly related to the curfocal spot, the sdd for resolution of 100, 50, and2% is
rent. The maximum current one can use is limited by heatingl60, 280, and 520 mm, respectively. The same graph shows
To first order, the current, and therefore the fluence rate frorthe relative exposure for 80 kVp, 10 ms exposure measured
a given focal spot is proportional to the area of the focal spotwith an MDH 1015 ionization chamber for the 0.3 and
Heat transfer for larger spots is less efficient than for smalll.-0 mm focal spots at the sdd appropriate for 25, 50, and
focal spots giving rise to a general expression for the fluencd00 um resolution and the maximum current permissible for

rate (¢) at a given sdd that is shown by E@®). the focal spot. These experimental values are also normal-
n ized to the maximum measured for 1@0n resolution at fs
b % (20 =0.3 mm. For the 1.0 mm focal spot, the sdd for resolution
sdd*’

of 100, 50, and 2um is 440, 840, and 1640 mm, respec-

wheren ranges between 1 and 2. For a given focal spot, théively. While the optimum T'“?“Ce rate is qttained for a
fluence rate will be optimized when sdd is set such that th&-> m;n fpﬁalhspot, the fmaj?rlty of oucgdstl:dles were 'pg_
blur equals the desired resolution. Solving Efy for that ~ [ormed with the 1.0 mm focal spot at sdd of 440 mm yield-

condition we obtain ing a half cone ang_le of 6.8_6°, which is adequate with resp_ect
to artifacts associated with the Feldkamp reconstruction
fs algorithm?
=l — * .
sdd ( b " 1) odd. 3) Degradation of the resolution arising from the combina-

Substitut dd in Ea2) vield ) hat defi tion of respiratory and cardiac motion is limited through a
ubstituting sdd in Eq2) yields an expression that defines ., inasion of scan synchronous ventilation and cardiac gat-

the maximum fluence rate for a given focal spot at a giVerlng. Mice were perorally intubated, and maintained on

resolution. isoflurane anesthesia delivered by a mechanical ventifator
fs" that also provides a trigger that controls x-ray exposure and
¢ fs 2° (4) " camera readout. The programs synchronizing the x-ray expo-
<<— + 1) * 0dd> sure and the detector readout to the physiological parameters

were developed underBviEw (National Instruments, Aus-
Fitting the two focal spot available on the Phillips tube tin, TX). The system includes three different comput@sll|
(0.3 mm at 9 kW and 1.0 mm at 50 KWieldsn=1.44. Fig- PCs running Microsoft XF each assigned specific tasks, as
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signal wave forms during sampling {ib). The system

is controlled by three computers each runningview .
PC1 controls the ventilator and monitors the physi-
ologic signals from the animal. PC2 acts as the se-
quencer for the system. It receives triggers from PC1
that control the x-ray generator and the stepping motor
for the gantry. PC3 receives the trigger from PC2 that
controls the camera acquisition, integration, and read-
out. (b) shows a capture of the monitoring application
during sampling. Trace 1 shows the pressure at the ven-
tilator. In this example a window is enabled at end ex-
piration(trace 3 which is then logically combined with
the ECG(trace 3 to allow exposures 1 and EX1,
EX2). Trace 4 shows the digital signal to advance the
table to the next projection.
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(b)

shown in Fig. 3. A screen capture of the monitoring program+fan anglg with a step angle of 0.5°. The scanning time for
showing the relevant signals from the physiologic monitor isa complete dataset was 15 min. The 2D projection images
also included. The first computer is used for monitoringwere used to reconstruct tomograms with a Feldkamp
physiological parameterfbody temperature, electrocardio- algorithm? using a commercial software packag€obra
graphic (ECG) signal, airway pressufeand controlling the EXXIM, EXXIM Computing Corp., Livermore, CA Data
ventilator™ The second computer sends pulses that controlvere reconstructed with Parker weighﬁﬁgas isotropic
the camera and the x-ray generator in synchrony with thd024x 1024x 1024 arrays with effective digital sampling in
ECG and ventilation phase. This computer also controls rothe image plane of 90.am, since the magnification factor
tation of the animal through a RS-232 interface to an Orieffor the geometry used was 1.1.
Model 13049 digital stepping motor. The third computer ac- All animal studies were conducted under a protocol ap-
quires and stores the individual two-dimensional projectionsproved by the Duke University Institutional Animal Care and
An acquisition window is defined at a specific phase of theUse Committee. Studies were performed on C57BL/6 mice
ventilation cycle, e.g., during inspiration, during a period ofweighing between 25 and 30 g. Animals were anesthetized
breath hold or at end expiration. The first QRS complex ofwith a 45 mg/Kg intraperitoneal injection of methohexital
the ECG occurring within the window triggers a 10 ms x-rayand following endotracheal intubation, anesthesia was main-
exposure. This prospective gating ensures that the images amned with 2%—-3% isoflurane. Anesthetic gas was delivered
always acquired at the same phase of the cardiac cycle afy the custom-made ventilator, which has been described
breathing cycle. After an image is acquired, the animal iselsewheré® The animals were mechanically ventilated at a
rotated to the next image scanning angle and the procedurerate of 90 breaths/min with a tidal volume of 0.4 ml. A solid
repeated. state pressure transducer on the breathing valve measured
X-ray parameters for volume imaging were typically airway pressure. ECG electrodes were taped to the footpads.
80 kVp, 150 mA, and 10 ms resulting in an exposure ofBody temperature was recorded using a rectal thermistor.
~70 mR per projection. After checking the alignment of the The animals were placed in the cradle in a vertical position
micro-CT system using a pin phantom, 380 projection im-with flexible tubes and wires carrying anesthesia gas and
ages were acquired over a circular orbit of 1908., 180°  physiologic signals suspended from above to allow free ro-
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tation. All physiological signals were process@bulbourn  4(c)] was determined in the reconstructed images using a
Instruments, Allentown, PAand displayed on a computer procedure described in the American Society of Testing Ma-
using aLABVIEW application, described above. For someterials(ASTM) standards® To determine the MTF, we used
studies images were acquired during tail vein infusionboth unbinned(pixel size=51um) and binned projections

(1 mi/h) of Isovue 370. (pixels size=102um). The MTF at 10% value was in both
cases close to 3 Ip/mm. The low contrast detectability of
Ill. RESULTS ~0.78%. was determined using a phantom containing differ-

Figure 4 shows images of a lead bar phantom placed at @t concentrations of Isovy870 mg/ml ioding in solutions
odd of 40 mm acquired wittfa) 1.0 mm and(b) 0.3 mm  of water.
focal spots with sdd=440 and sdd=160 mm, respectively. Figure 5 shows a comparison image in the thorax of a
The projections were acquired as unbinned images, i.e., thé57/BL/6 mouse acquired under four different conditions:
pixel size was 5k 51 um. The 5 Ip/mm resolution pattern (1) live animal with neither ventilatory or cardiac gatin@)
is resolved in both cases, as predicted by @y§.The modu-  live animal with ventilatory synchronizatioi3) live animal
lation transform functionMTF) of the entire systenfFig.  with both ventilatory synchronization and cardiac gating; and

Fic. 5. Coronal slices are shown at the same level from
four studies done on the same mouse. The lower images
show the left lung from each image magnified by.3

(a) and(e) are from the ungated studgp) and(f) were
obtained with ventilatory synchronizatiorg) and (g)
were obtained with ventilatory synchronization and car-
diac gating;(d) and(h) were obtained on the same ani-
mal after sacrifice with an anesthetic overdose.
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Fic. 6. Axial and coronal 40Qum slabs extracted from
the study with ventilatory and cardiac gating providing
detailed anatomy of the thorax: vena caWC), de-
scending aortaDA), right (RB) and left(LB) pulmo-
nary bronchi and associated bronchial vessels, and the
gall bladder.

(4) dead animal. Without ventilatoryand cardiag gating  trolled study to~100 um.** Ford et al® have recently re-
[Figs. 5a) and Fe)], the edge of the diaphragm is poorly ported the characteristics of a commercial system with a mi-
defined and there is very little internal structure visible in thecrofocal x-ray tube operating at 80 kVp and 0.1 mA yielding
lung [arrow, Fig. a)]. While the cardiac shadow is clear, the a fluence rate at the detector of X@0’ photons/mms.
edge of the heart is blurred. The addition of ventilatory syn-The angiographic tube used in this work, operating at
chronization[Figs. §b) and §f)] improves the definition of 80 kvp, 100 mA produced an exposure of 70 mR at the de-
the edge of the diaphragm but the cardiac border is veryector in a 10 ms exposure o¢1.5x 10° photons/mms,
poorly definedarrow, Fig. §b)]. While pulmonary vascula- je., a fluence rate that is 57 times higher. The tube is capable
ture and airways are more clearly seen, they are still blurregg operating at 620 mA, i.e., a fluence nearly 250 times
by motion of the heart. Note for eXampIe, the branchinggreater than the microfocal tubes.

airways in the magnified section of the left lufayrow, Fig. The fundamental resolution limits in the system described
5(f)]. The combination of cardiac gating with ventilatory here are imposed by the precision with which pulmonary and
synchronization results in markedly improved definition of cargiac motion are repeatable across the time course of a
the cardiac boundarparrow, Fig. %c)] and the surrounding  gy,4y(10-20 min and motion during a single exposure. Re-
pulmonary structurefarrow, Fig. $g)]. Note in Fig. %), the  cont\york has shown the reproducibility to be on the order of

definition of airways that are at least fourth-order bra”CheSSO—looﬂm.” The beating heart of a mouse moves as much

The anatomic resolution with the use of ventilatory and Carys 2 mm through the course of one cardiac cycle. Given that

diac _gatin_g Is very .nearly equal to _that _When .there s NCiastole is~50% of the 100 ms R-R interval, the exposure
physiologic motion, i.e., when the animal is dedgs. $d) time must be less than 50 ms in order to minimize the impact

and §h)]. Note the subtle shift in the pulmonary structuresof cardiac motion. As seen in Fig. 5, the impact of cardiac

and narrowing of the airways upon deggtrrow, Fig. §h)]. motion is seen in the lung even if ventilatory synchronization

The isotropic resolution can be used to advantage in veri- S - . .
fying the structures. Figure 6 shows axial and coronal slabl$ used. This is not surprising given the motion that the heart

that have been oriented obliquely to follow the main stemmUSt induce in the surrounding lung parenchyma. Thus to

bronchus allowing one to track the branching airways and"nimize thesc_a effects, one ’T‘“St have a fIL_Jence rate that is
determine from the coronal slab, the level of airway seen irp'9nificantly higher than available from microfocal tubes.
the axial. Each slice is rendered from four contiguous pixeld Of SPatial resolution-100 um, imposed by the reproduc-
(i.e., the slice thickness is 4Qom), thus presenting a larger ibility of the motlon control, the 1 mm focal spot d_ellvers a
slice through which one can track the airways and vessels. [f{luénce rate 258 higher than that available from microfocal
these two images, one sees vena q@) descending aorta spot tubes. The gain is less dramatic as one seeks higher
(DA), right (RB), and left(LB) pulmonary bronchi and as- spatial resolution, which might be attainable outside the tho-
sociated bronchial vessels, and the gall bladder. These infaCic cavity. But even at 2mm resolution, there are still flux
ages show room for improvement. Note the streaks off th&@ins from 0.3/1.0 mm focal spots that can be obtained for
ribs, probably arising from beam hardening and imperfecfotating anodes. _ _ o
alignment. In some slices, telltale circles suggest the need for Compensation for both cardiac and ventilatory motion is

more careful gain equalization. Work is currently under wayessential for successful pulmonary imaging. Cavanaigh
to make these improvements. have demonstrated ventilatory-gated micro-CT with expo-

sure integration periods of 100 m$But as is demonstrated
in Fig. 5, the cardiac motion can have a substantial impact on
IV. DISCUSSION AND CONCLUSIONS the surrounding lung tissue. Prospective and retrospective
Motion and photon fluence rate are the two most impor-gating are both possible. Retrospective gating has been par-
tant determinants of the image quality in micro-CT. Currentticularly successful for magnetic resonance imaging, where
work under way in our laboratory suggests that with properone must match the cardiac cycle and the TR to keep the
care, the position of the heart and diaphragm can be reliablgnagnetization constant from view to viedA CT study to
reproduced through the course of a physiologically conuse both cardiac and ventilatory gating used prospective
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