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    Microcomputed tomography ( μ CT) is a highly detailed roent-
genographic technology that can be performed noninvasively 
on live laboratory animals  1,3-6,10,13,15,17,18,23-26,31,35   and provides an 
opportunity for conducting longitudinal studies, in which small 
animals are be evaluated repeatedly over time. This noninvasive 
imaging technique has the potential to reduce the number of 
animals required to achieve statistically signifi cant results and 
may reduce the time and cost of research studies that rely on 
animal models of disease. 

  μ CT images represent the radiographic attenuation distribu-
tion within the scanned animal. This technique is particularly 
well suited to imaging the lung  1,3-6,10,13,15,17,18,20,22-26,31,32,35   be-
cause the X-ray attenuation of lung tissue is very different 
from that of typical soft tissue. This characteristic of lung tissue 
provides inherent contrast in  μ CT images. 

 The use of respiratory gating in mice is complex but offers 
2 distinct advantages in lung imaging. First, infl ating the 
lungs to a degree not normally achieved in free-breathing 
anesthetized mice enhances the contrast between the lung 
and soft tissue on CT. Second, controlling the breathing rates 
and synchronizing them with the individual exposures that 
make up the scan data minimizes the effects of increased mo-
tion from the larger inspiration volumes. These 2 advantages 
presumably improve overall image quality and better equip 
the researcher to detect and assess small tumors within the 
mouse lung. 

 Alternative methods of noninvasive lung imaging include 
the high-resolution small-cabinet X-ray projection system and 
micromagnetic resonance ( μ MR). 12  Cabinet X-ray systems with 
microfocus sources for magnifi cation radiography make them 
appropriate for small-animal imaging, but they provide only 
2-dimensional projection image data.  μ MR can be used for 
noninvasive assessment of soft tissue structures in small-animal 

research studies and provides clear differentiation of abdominal 
organs, fat, and muscle. However, the low tissue density of the 
lungs, coupled with the high number of air–tissue interfaces in 
the alveoli, make  μ MR imaging of small-animal lungs diffi cult. 
In addition, the resolution and anatomical accuracy of  μ MR 
can be compromised by various distortion effects,  11   which may 
make accurate tumor measurement diffi cult. Compared with 
that for  μ CT,  μ MR instrumentation often is more expensive to 
purchase and maintain and tends to require substantial, inhouse 
technical support. 

 The use of anesthesia to allow intubation and imaging of mice 
for even short (less than 30 min) periods of time can depress 
their physiology and cause additional stress to the animals. 
Although imaging is referred to as a noninvasive procedure, 
it is not without risk, especially when involving animals with 
compromised health. 

 The primary aim of this study was to determine whether 
the use of a controlled multiple-breath-hold respiratory gat-
ing technique enhanced the quality of  μ CT images of the 
murine lung compared with those from an alternative, more 
conventional, respiratory gating method and a free-breathing 
method. A secondary aim was to explore the biologic effects 
of anesthesia and handling associated with these imaging 
procedures. 

 Materials and Methods 
 Animals.   All animal procedures were approved by and 

performed under the guidelines of The University of Texas 
MD Anderson Cancer Center Institutional Animal Care and 
Use Committee. Two 3-mo-old female mice, weighing ap-
proximately 22 g each, with 129/SV background  14   were used. 
This strain of mice was developed by targeted insertion of 
a vector carrying k- ras  exon 1, leading to the generation of 
oncogenically activated k- ras  alleles. Mice from this strain 
typically present with microscopic lung tumors at 2 to 3 wk 
of age.  36   In this model, tumors identifi ed histologically as 
adenomas of various sizes develop in all of the lung lobes, 
cause breathing irregularities after 9 mo, and these mice 
typically die at 10 to 12 mo of age. 
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 A secondary experiment was designed to evaluate the stress 
applied to mice during an imaging session. For this pilot study, 
2 additional female 129/SV K-ras mice (age, 4 mo) and 2 wild-
type CD1 female mice (age, 12 mo) were examined. 

  μ CT system.   The  μ CT system we used was a model RS9 tab-
letop CT scanner (General Electric Medical Systems, London, 
ON), a cone-beam geometry CT system designed to allow both 
in vivo and ex vivo imaging. This scanner has a gantry that 
rotates slowly around the object bed, thus imaging the entire 
object in a single pass. The gantry, rotated by a servomecha-
nism, features a tungsten anode X-ray source that is fi xed 
opposite a cesium iodide scintillator detector attached to a 
charge-coupled camera. The source-to-object distance in all 
scans was approximately 250 mm, and the source to detector 
distance was fi xed at 318 mm. All scans had an effective fi eld 
of view of approximately 4.5 cm in the  z  axis and a maximal 
diameter of approximately 9 cm. 

 The mice were prepared as for all in vivo lung-imaging experi-
ments.  23,27   Anesthesia was induced with subcutaneous injection 
of 0.001 mg/g 10% medetomidine (Dormitor, Pfi zer Animal 
Health, New York, NY), and 0.004 mg/g of atropine sulfate 
(American Pharmaceutical Partners, Shaumburg, IL), followed 
by placing the animal into an induction chamber of 2% to 5% 
isofl urane gas (Halocarbon Laboratories, River Edge, NJ). Once 
the mouse was fully anesthetized, intubation was performed 
to allow mechanical ventilation of the mice.  27   For the imaging 
procedure, each mouse was positioned supine on a half-pipe 
acrylic sled, and the endotracheal tube was attached directly 
to a modifi ed small-animal ventilator (SAR-830/P, CWE, Ard-
more, PA) and maintained with isofl urane gas anesthesia. At 
the conclusion of the imaging session, mice that had received 
medetomidine were given a subcutaneous injection of 0.001 
mg/g 10% atipamezole (Antisedan, Pfi zer Animal Health, New 
York, NY) to reverse the effects of medetomidine. 

  Figure 1.  Screen display view of the Labview software, with the settings used in both of the 2 breath-hold gating-operated scans displayed. The 
pressure waveform and shutter trigger output are updated in real time. The software is capable of alternating between 2 breathing cycles (A 
wave and B wave); in this study only the A wave was used and was set for 1500-ms breaths (40 breaths/min), a breath hold of 16 cm H 2 O lasting 
500 ms, a total inspiratory time of 1050 m, and a total expiratory time of 450 ms. In the 720-view acquisition, the  μ CT shutter was open for only 
400 ms, independent of the Labview settings.   

  Table 1.  Image acquisition parameter values for the 4 scan techniques used in this study 

720-view breath-hold 360-view breath-hold Delay-triggered Free-breathing

No. of view 720 360 360 360
Angle increment (degrees) 0.5 1.0 1.0 1.0
Frame time (ms) 400 500 100 500
No. of frames/view 1 1 5 1
mAs 130 81 81 81
Detector bin mode 2  ×  2 2  ×  2 4  ×  4 2  ×  2
Breath rate (breaths/min) 40 40 100 30–40 (estimated)
Radiation dose (mGy) 256 160 160 160
Scan time (min) 20 10 25 10
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into Hounsfi eld units (HU) by sampling air, water, and bone 
material standards positioned within the image fi eld of view. 
All image volumes were reconstructed by using a modifi ed 
Feldkamp method  7   to generate 92- μ m isotropic voxels. 

 Ventilator system.   A modifi ed SAR-830 ventilator, designed 
at MD Anderson Cancer Center and assembled by CWE 
(Ardmore, PA), received 3 external control signals (master, 
inspiratory, and expiratory) through a data port from Labview 
software (version 6, National Instruments Corporation, Austin, 
TX) running on a laptop computer. This set-up is similar to a 
previously described Labview-assisted ventilator technique for 
small animal MR imaging.  12   Commercially available SAR-series 
ventilators are not equipped with an auxiliary data port that 
allows remote control. The inspiratory and expiratory signals 
are controlled independently by the ventilator’s inspiratory and 
expiratory valves, so that during a breath-hold, each valve was 
independently opened or closed, allowing inspiration of a fi xed 
tidal volume and then maintenance of this pressure volume 
by not permitting expiration until the end of the determined 
breath-hold period. A low-pressure regulator permitted precise 
control of the airway pressure in each ventilation cycle. Among 
the variable settings are breath cycle time (number of breaths 
per minute), the ratio of inspiratory to expiratory time for each 
breath (duration of breath-hold), and hold time (the delay from 
the beginning of inspiration to triggering of the shutter) ( Figure 
1  ). These controls allow the investigator to selectively shape the 
cyclic waveform of the breaths to best fi t the scan technique. 
During the course of the scan, the software displays a real-time 
monitor showing the pressure changes and triggering of the 
shutter ( Figures 1 and 2 A  ). 

 Image acquisition protocols.   The ventilator and  μ CT were 
operated by using different variable settings for the 4 scans 
that were performed on each of the 2 mice: free-breathing, 
delay-triggered, 720-view breath-hold gated, and 360-view 
breath-hold gated ( Table I  ). In all scans except the 720-view 
breath-hold gated scan, 360 views were obtained over the course 
of the scan in 1 °  increments, and a total of 81 mAs was used. 
In the 720-view breath-hold scan, 720 views were taken at 0.5 °  
increments, and a total of 130 mAs was used. 

 For both the 720- and 360-view breath-hold scans, the mouse’s 
breathing rate, controlled by the Labview-controlled ventilator, 
was set to 40 breaths/min (cycle time, 1.5 s/breath) with a fl ow 
rate of 2.5 ml/min O 2 . In addition, a 70:30 inspiratory:expiratory 
ratio cycle (1050:450 ms), a maximum breath-hold pressure of 
16 cm H 2 O, and 500-ms constant pressure breath-holds were set 
by the operator. The software sent a transistor–transistor logic 
(TTL) signal to the  μ CT system that opened the shutter dur-
ing the breath-hold period. During this scan, the shutter-open 
period for 720-view acquisition was 400 ms, and each frame 
resulted in 1 of the 720 views that made up the scan. 

 For the 360-view breath-hold scan, the only differences from 
the 720-view scan were the number of views collected (360) and 
the  μ CT shutter open time (500 ms). Each shutter opening (each 
breath) made up 1 view. 

 For the delay-triggered scan, the Labview software was 
not used, and the ventilator was run at 100 breaths/min and 
a fl ow rate of 2.5 ml/min O 2  and 16 cm H 2 O. This technique 
has been described in detail elsewhere.  34   Briefl y, the  μ CT 
shutter was triggered by a TTL signal sent from the ventilator 
at peak inspiration. A delay switch modifi ed this signal so 
that it would reach the  μ CT approximately 70 ms before the 
next peak inspiration ( Figure 2 B ). The shutter-open time for 
this scan was 100 ms, and 5 frames were obtained to make 
up each of the 360 views. 

 Raw acquired images were normalized based on maximal 
and minimal X-ray exposure frames (that is, bright and dark 
fi elds) and were corrected for any bad pixels in the detector. 
The initial reconstructed raw data (32-bit) scale was calibrated 

  Figure 2.  (A) Schematic diagram of the 360-view breath-hold respira-
tory gating technique (the 720-view technique was the same except for 
a shutter-open time of 400 ms). Ventilator pressure is displayed in real 
time over the course of the scan, and shutter-open time is represented 
as a horizontal bar above the pressure waveform. The  x  axis represents 
time, and the  y  axis represents the air pressure provided to the lungs. 
(B) Schematic diagram of the delay-assisted pressure waveform and 
shutter. The  μ CT system was triggered remotely to give 100-ms ex-
posures during the peak of the breathing cycle. The ventilator system 
sent a trigger signal at peak pressure of the inspiratory phase, which 
passed through a 530-ms delay circuit before reaching the  μ CT sys-
tem, so that the shutter opened approximately 50 ms before the next 
inspiratory peak. (C) Schematic diagram of the free-breathing wave-
form. The free-breathing technique does not trigger the  μ CT shutter 
for exposures.   
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detector when it is binned in 4  ×  4 mode (92- μ m voxels); this 
detector confi guration requires 500 ms of total exposure time to 
achieve a signal-to-noise ratio that is acceptable for visualizing 
submillimeter lung lesions. 

 The 2 breath-hold-gated and free-breathing scans were per-
formed sequentially for each mouse to minimize repositioning 
errors. The delay-triggered scan was performed the following 
day, because of the minimum required delay of 60 min when 
changing the scan from a 2  ×  2 detector binning mode to a 4  ×  
4 detector binning mode. 

 Radiation dose.   To quantify the radiation dose delivered to 
the mice during the scans, a calibrated CT ionization pencil 
chamber (Victoreen, Moedling, Austria) was positioned in air 
at isocenter, and the radiation signal detected was integrated 

 For the 10-min free-breathing scan, the endotracheal tube 
was removed from the mouse before imaging was initiated. 
The mouse continued to receive isofl urane gas anesthesia via 
a nose cone. The typical breathing rate for a normal mouse 
under these conditions is 30 to 40 breaths/min, but serious 
lung conditions or heavy anesthesia may lead to breathing 
rates below 20 breaths/min. The  μ CT was not triggered by the 
ventilator system but instead used internal (continuous) trig-
gering. Each of the 360 views was made up of a single 500-ms 
frame ( Figure 2 C ). 

 The  μ CT detector elements can be binned to permit 3 isotropic 
voxel sizes: 92, 46, and 27  μ m. As bin size is altered, so is the 
saturation level and the mAs required for a specifi ed signal-
to-noise ratio. Exposure times in excess of 100 ms saturate the 

  Figure 3.  Matched coronal CT image planar views of mouse 1 (arrow indicates a small tumor). (A) 720-view breath-hold gated; (B) 360-view 
breath-hold gated; (C) delay-triggered; and (D) free-breathing imaging techniques. The 2 breath-hold gated techniques best imaged this tumor, 
measured in the 720-view images to be 0.09-mm 3  and have maximal diameters of 0.5, 0.6, and 0.6 mm. The tumor was blurred on delay-assisted 
images and was diffi cult to visualize on free-breathing images.   
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method was calculated by scaling the dose value for the 360-view 
technique by using a conventional current  ×  time (mA  ×  s) 
approach. 

 Image evaluation.   Images were compared by matching 
specifi c anatomic planes from all 4 scans for each mouse and 
examining for the presence and appearance of adenomas. The 
viewed planes were matched by selecting an image in the 
720-view image volume, and then, view-by-view, examining 
the other image volumes for matching tissue landmarks, such 
as major airways. This approach was mildly problematic in 
the free-breathing image volumes because the lungs were not 
infl ated to a similar level as for the other 3 scans. 

over the entire scan time by using a protocol designed to mimic 
the 360-view technique used in the delay-assisted scan. Results 
of 3 repeated measurements were consistent and indicated that 
the radiation dose delivered to the ion chamber in air with the 
free-breathing, delay-assisted, and 360-view breath-hold gated 
scans was 160 mGy. The radiation dose was calculated by using 
this equation: 

  Radiation dose (mGy) = (E  ×  f  ×  L  ×  C) / b, 

 where E is the electrometer result (R), f is 0.87 rad/R, L is 10 cm, 
C is 10 mGy/rad, and b is a nominal beam width of 3.7 cm.  The 
dose value for the 720-view breath hold gated acquisition 

  Figure 4.  Matched coronal CT image planar views of mouse 2 (arrow indicates a small tumor). (A) 720-view breath-hold gated; (B) 360-view 
breath-hold gating; (C) delay-triggered; and (D) free-breathing imaging techniques. The 720- and 360-view breath-hold gated techniques best 
imaged this tumor, measured in the 720-view images to be 0.42-mm 3  and have maximal diameters 1.0, 0.9, and 0.9 mm. The tumor was blurred 
on delay-triggered images and was diffi cult to visualize on free-breathing images.   
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turer, line plots were generated across matching regions of the 
lung–diaphragm margin in transverse planes to assess the ef-
fectiveness of each scan technique in producing a sharp edge 
that refl ected this organ border. The same location, plane, and 

 Analysis was carried out by visual inspection; statistical 
analysis was not attempted in light of the small sample size. 
By using software (MicroView version 2.0.29 Visual Plus, 
GE Healthcare, London, ON) provided by the  μ CT manufac-

  Figure 5.  Matched coronal CT image planar views of mouse 2, with lung lobe fi ssure indicated by arrow. (A) 720-view breath-hold gated; (B) 360-
view breath-hold gated; (C) delay-triggered; and (D) free-breathing imaging techniques. The 720- and 360-view breath-hold gated techniques 
best imaged the lung lobe fi ssure.   
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 Temperature and heart rate readings were recorded after 
initial induction with isofl urane gas as previously described 
and after free-breathing CT. Each mouse then was permitted 
to recover fully from anesthesia. Four hours after complete 
recovery from the previous anesthetic event, each mouse was 
anesthetized with isofl urane and monitored for temperature 
and heart rate, 0.001 mg/g 10% medetomidine was given 
subcutaneously, heart rate and temperature were recorded a 
second time, and then each mouse was intubated in prepara-
tion for a 720-view breath-hold scan. After this scan, heart rate 
and temperature were recorded, and each mouse was allowed 
to recover from anesthesia. 

 Two-tailed paired  t  tests were used to assess differences 
between the means of temperature and heart rate values at the 
various time points of the 2 scan methods. Two-tailed unpaired 
 t  tests were used to evaluate mean differences between the 2 
strains of mice at the given time points. Statistical signifi cance 
was defi ned as a  P  value equal to or less than 0.05. 

 Results 
 The windows and levels of the matched CT images were op-

timized for each image set for evaluation because the different 
scan and ventilation methods resulted in very different ranges 
of gray level values for thoracic tissues. 

  Figures 3 and 4   show matched coronal planar views that 
display small (diameter, less than 1 mm) lung adenomas. These 
tumors were visualized most easily in the 2 breath-hold mode 
scans, somewhat blurred in delay-triggered scans, and diffi cult 
to detect in free-breathing scans. The volume of the tumor 
displayed in  Figure 3 A  was measured by using the 720-view 
data set and calculated as 0.09 mm 3 , with measured maximal 

orientation was used in each of the 4 images from each animal. 
The data from these line plots (the HU of each sequential voxel 
along the line path) were transferred to a spreadsheet to facili-
tate slope calculations. The slopes of these line plots (in HU/
mm) were averaged for the 2 mice and used to refl ect the organ 
margin defi nition quality. 

 After a lesion with clear boundaries was identifi ed subjec-
tively in all 3 planes within a volume from the 720-view gated 
scan, the same lesion was located in matching planes within 
the other 3 volumes for that same animal. Maximal diameters 
were calculated for tumors used in example images by plac-
ing a line profi le over the largest portion of the tumor and 
recording the displayed length of this line. This procedure 
was done in each of the 3 orthogonal planes and matched 
in all 4 image volumes for each animal. Tumor volume esti-
mates were obtained by seed-grow analysis in MicroView, 
which creates a 3-dimensional volume of interest after an 
initial starting voxel is selected. The algorithm incorporated 
neighboring voxels within the range of HU values specifi ed 
by the operator as part of the volume of interest, in this case 
–100 to 200 HU (the mean  ±  3 SD of soft tissue). If a tumor 
was located adjacent to soft tissue with a similar HU range 
such as the chest wall, a volume of interest was generated 
manually to segregate the 2 objects. 

 Evaluation of mouse physiology   A secondary experiment was 
preformed to assess and compare the effects of intubation and 
repeated breath-holds on mice in comparison to free-breathing 
gas anesthesia. The mice were examined by using a rectal 
thermometer (Fiber Optic Temperature Module, SA Instru-
ments, Stony Brook, NY) and echocardiography (model 1025, 
SA Instruments). 

  Figure 6.  Matched transverse CT image planar views of mouse 1. (A) 720-view breath-hold gated; (B) 360-view breath-hold gated; (C) delay-
triggered; and (D) free-breathing imaging techniques. The line profi les that refl ect the lung–diaphragm boundary sharpness in this set of images 
are indicated by the arrowheads and lines.   
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after medetomidine injection was not signifi cant ( Figure 10  ). 
Regardless of the imaging method used, both temperature and 
heart rate were signifi cantly ( P   <  0.05) lower after the imaging 
sessions than at initial induction. Final temperature did not dif-
fer signifi cantly between the 2 scan methods, but fi nal heart rate 
was signifi cantly ( P   <  0.05) lower in the breath-hold-gated group 
than the free-breathing group. The only signifi cant difference 
between strains was that the K-ras mice had a signifi cantly ( P   <  
0.05) lower heart rate than did the CD1 mice after the free-
breathing scan. 

 Discussion 
 This work investigated whether the use of regulated cyclic 

breath-holds would lead to improvements in the  μ CT imag-
ing of mouse lungs. The appearance of small lung adenomas 
(maximal diameter, 0.5 to 1.0 mm) and characteristics of the line 
profi les of the lung–diaphragm boundary were used to compare 
4 scan techniques in 2 genetically altered mice. We conclude 
that use of the multiple-breath-hold gating technique enhanced 
the quality of the  μ CT lung images, particularly because of its 
abilities to increase the contrast between lung and soft tissues 
and to arrest respiratory motion during each X-ray exposure. 
This method, compared with the delay-triggered method, was 
also effi cient in terms of total scan time. The delay-triggered 
scans, with pressure ventilation of 16 cm H 2 O, offered better 
lung contrast and therefore better overall image quality than 
did free-breathing scans. Calculation of the lung–diaphragm line 
profi le slopes indicated that the breath-hold gated scans best 

diameters in 3 dimensions of 0.5, 0.6, and 0.6 mm in the trans-
verse, coronal, and sagittal planes, respectively. The volume of 
the tumor displayed in  Figure 4 A  also was measured by using 
the 720-view set and calculated as 0.4 mm 3 , with measured 
maximum diameters of 1.0, 0.9, and 0.9 mm in the transverse, 
coronal, and sagittal planes, respectively. 

  Figure 5   shows the coronal view of a right lung lobe fi ssure, 
as imaged by each of the 4 techniques. This fi ssure was best 
displayed in images obtained with cyclic breath-hold gating. 
Normal lung structure detail is apparent on the opposite side 
of the mouse thorax; it is most clear in the 720-view breath-hold 
gated scan and less clear in the other views. 

  Figures 6 and 7   show where line profi les were obtained across 
the lung–diaphragm boundary in each mouse in transverse 
displayed section views, and  Figure 8   is a graph of the line pro-
fi les, averaged over the 2 mice, for each ventilation technique. 
Higher slopes indicate sharper images at the lung–diaphragm 
boundary. The slope of the 720-view breath-hold gated scan was 
1434 HU/mm, of the 360-view breath-hold gated scan was 1272 
HU/mm, of the delay-triggered scan was 593 HU/mm, and of 
the free-breathing scan was 744 HU/mm. 

 The results of the secondary study to evaluate the physiologic 
effect on the mice are given in  Tables 2 and 3  . 

 Neither the initial temperatures nor heart rates of the mice 
after initial induction with isofl urane varied signifi cantly from 
those during the free breathing or intubation sessions. Im-
mediately after injection of medetomidine, heart rate dropped 
signifi cantly ( P   <  0.05) compared with that after initial induction 
with isofl urane ( Figure 9  ), but the difference in temperature 

  Figure 7.  Matched transverse CT image planar views of mouse 2. (A) 720-view breath-hold gated; (B) 360-view breath-hold gated; (C) delay-
triggered; and (D) free-breathing imaging techniques. The line profi les that refl ect the lung–diaphragm boundary sharpness in this set of images 
are indicated by the arrowheads and lines.   
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arrested respiratory motion during imaging and therefore best 
depicted this organ boundary, followed by the free-breathing 
and delay-triggered scan techniques, respectively. 

 The free-breathing technique demonstrated less motion 
artifact along the diaphragm, due to the animal’s shallow and 
infrequent breathing while under sedation. This characteristic 
might make the free-breathing technique a more attractive 
option than the delay-triggered technique, because of the 
increased motion blur associated with the delay-triggered 
method ( Figure 2 ). The free-breathing technique is less expen-
sive and less complicated, requiring only anesthesia. The other 
3 techniques described here require skilled animal technicians 
to perform intubation.  27   The intubation and ventilation proc-
esses are invasive procedures that will put stress on an animal, 

increasing the chance for complications, especially in sick or 
otherwise compromised animals. All of these advantages and 
disadvantages should be weighed carefully when considering 
an imaging method. 

 The ability of the breath-hold gated scan technique to clearly 
display landmarks such as lung lobe fi ssures offers great value. 
Because a mouse’s lungs typically are repositioned during the 
course of dissection, the ability to precisely locate adenomas 
within specifi c lung lobes can greatly aid in matching lesions 
identifi ed in images with lesions identifi ed at necropsy. The lung 
infl ation and stasis during the breath-hold technique improves 
low contrast and image quality and therefore can increase an 
investigator’s ability to detect and quantitate smaller lesions 
with confi dence. 

 One strength of this study was our ability to scan each mouse 
by means of all 4 scan techniques without repositioning the 
mouse, allowing for high-quality image comparisons. The use 
of mice with small lung tumors, rather than normal animals, 
allowed us to compare the appearance of pathologic fi ndings 
rather than only normal structures. 

 The primary limitation of this study was its low sample 
size and the lack of a more quantative image quality assess-
ment. The higher quality in images obtained by the 720-view 
breath-hold gated method required approximately 80% more 
radiation dose to the animal than did the other scan techniques. 
A closer evaluation of the effect of radiation dose delivered in 
the different scan methods is warranted. Although the LD50 in 
mice has been reported to exceed 5 Gy,  2,9,16,21,28   delivered doses 
of less than 1 Gy have a deleterious effect on murine tissues, 
particularly if given repeatedly over time.  2,21,28   In the present 
study, the 360-view breath-hold gated, delay-triggered, and 
free breathing scans delivered 160 mGy, whereas the 720-view 
method delivered 256 mGy. Doses within this range conceivably 

  Figure 8.  Graph of the line profi le data, averaged over the 2 mice, for 
the lung–diaphragm margin. A higher slope refl ects increased sharp-
ness of the lung–diaphragm border. Without pressure ventilation, the 
free-breathing mice exhibited less contrast (smaller difference between 
lung and soft tissue HU values) than did the other techniques.   

  Table 2.  Body temperature (mean,  ° C) of mice after initial gas-induced anesthesia, delivery of injectable anesthesia (if given), and the described 
 μ CT scan 

After initial 
 anesthesia After injectable anesthesia

After 
 scanning

% decrease after 
 injectable anesthesia

% decrease after 
 scanning

Free-breathing
K-Ras 33.4 not applicable 28.5 not applicable 14.7
Wild-type 29.6 not applicable 25.0 not applicable 15.5
All 31.5 not applicable 26.7 not applicable 15.2
Breath-hold
K-Ras 33.9 33.2 27.0 2.1 20.4
Wild-type 32.9 32.3 27.4 1.8 16.7
All 33.4 32.7 27.2 2.1 18.6

Corresponding percentage change is given in comparison to the temperature after initial anesthesia.

  Table 3.  Heart rate (mean, beats/min) of mice observed via echocardiography after initial gas-induced anesthesia, delivery of injectable anesthesia 
(if given), and the described  μ CT scan 

Free-breathing After initial 
 anesthesia

After injectable anesthesia After 
 scanning

% decrease after 
 injectable anesthesia

% decrease after 
 scanning

K-Ras 462 not applicable 299 not applicable 35.3
Wild-type 521 not applicable 367 not applicable 29.6
All 491 not applicable 333 not applicable 32.2
Breath-hold
K-Ras 497 390 220 21.5 55.7
Wild-type 481 334 209 30.6 56.5
All 489 362 215 26.0 56.0

Corresponding percentage change is given in comparison to the heart rate after initial anesthesia.
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  Figure 10.  Graph of average mouse internal temperature for free-
breathing and breath-hold gated imaging sessions. Temperature was 
recorded after initial induction with isofl urane, after injection of me-
detomidine (breath-hold gated acquisition only), and at scan completion.   

  Figure 9.  Graph of average mouse heart rate as given by echocardi-
ography for free-breathing and breath-hold gated imaging sessions. 
Heart rate was recorded after initial induction with isofl urane, after 
injection of medetomidine (breath-hold gated acquisition only), and 
at scan completion.   

could affect tumor progression in small-animal models and 
thereby bias results when using this modality as a means of 
longitudinal evaluation. Therefore, it would be reasonable for 
an investigator to include in studies a control group that would 
be treated the same as the other animals, except that they would 
not undergo imaging. This step would allow the investigator 
to confi rm whether the radiation doses delivered due to CT 
signifi cantly affected the imaged subjects’ fi nal outcome. 

 With radiation dose, image fi le size, and scan time as primary 
concerns, images comprised of 46- μ m voxels can be obtained 
in vivo by using this  μ CT scanner. To achieve image quality 
(noise content) in these 46- μ m-voxel images comparable to 
that of the 92- μ m-voxel images, at least quadruple the current 
radiation dose would be required. Using the 160-mGy, 81-mAs, 
92- μ m-voxel scan as the starting point, 46- μ m-voxels at compa-
rable noise content would require 640 mGy to be delivered to a 
mouse during a scan time of approximately 40 min. To reduce 
the dose and scan time, partial (less than 360 ° coverage) scans 
can be considered. By reducing the number of views and scan-
ning over a range of less than 360 ° , higher-quality scans can 
be accomplished with more reasonable amounts of radiation 
exposure to the animal. 

 A chief negative side effect of medetomidine is profound 
decreases in heart rate, and biphasic blood pressure responses 
are a secondary effect of this sedative.  8,19,29,33   This bradycardia 
has not been associated with morbidity risk in practice in our 
small-animal imaging group from 2002 to 2007. The reduced 
heart motion actually improves image quality of the mouse 
lung. Should an investigator wish to mitigate the depressed 
heart rate after the intubation process, atipamezole could be 
administered prior to the scan and anesthesia maintained by 
using isofl urane. Mice displaying obvious symptoms of distress 
or poor health are not intubated at our facility if the increased 
stress from injectable anesthetics and the intubation process 
would risk morbidity. 

 Hypothermia is a leading cause of death in anesthetized mice 
and is generally a concern once the internal temperature drops 
below 25  ° C. 8  To minimize this drop in temperature, a system to 
circulate warm water through a plastic bed beneath the mouse 
can be used, warmed air could be vented over the animal, or 
the mouse can be wrapped loosely with cotton wool and plastic 
wrap for insulation. One potential drawback to a warm-water 
circulator is motion artifacts from pulsation under the mouse. 

 The physiologic effects we observed during the imaging 
session are similar to those that would occur during other 
procedures that require anesthesia and ventilation. In addition, 
long-term effects of physiologic perturbations of this magnitude 
are not reported in literature, nor have we observed any during 
5 y of performing such work at this imaging facility. While under 
anesthesia, mice lose as much as 10  ° C of body temperature 
in as little as 15 min,  8   a drop approximately twice that seen 
in the present study. Although a signifi cant drop in heart rate 
attributed to anesthesia occurred after the imaging session, 
atipamezole has been shown to quickly and effectively reverse 
the bradycardia associated with medetomidine.  30   As such, this 
drop in heart rate is unlikely to produce long term adverse ef-
fects in healthy to moderately ill laboratory mice. The effects 
of anesthesia can increase the risk or morbidity in very ill mice 
undergoing any type of procedure, including imaging. 

 In summary, intubation and regulated ventilation of mice 
can dramatically increase the quality of CT imaging of the 
lung; in particular, visualization of lesions smaller than 1 mm 
in diameter can be improved substantially. Investigators should 
weigh the benefi ts, risks, and increased effort involved in the 
ventilation process prior to launching respiratory-gated imag-
ing capability. 
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