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Overview
Clinical Considerations in Rodent Bioimaging

Lesley A. Colby, DVM"" and Brandy J. Morenko, DVM?

Imaging modalities such as micro-computed tomography (micro-CT), micro-positron emission tomography (micro-
PET), high-resolution magnetic resonance imaging (MRI), optical imaging, and high-resolution ultrasound are rap-
idly becoming invaluable research tools. These advanced imaging technologies are now commonly used to investi-
gate rodent biology, metabolism, pharmacokinetics, and disease in vivo. Choosing an appropriate anesthetic regi-
men as well as monitoring and supporting the animal’s physiologic balance is key to obtaining images that truly
represent the biologic process or disease state of interest. However, there are many challenges in rodent bioimaging
such as limited animal access, small sample volumes, anesthetic complications, strain and gender variability, and the
introduction of image artifacts. Because each imaging study presents unique challenges, a thorough understanding
of the imaging modality used, the animal’s health status, and the research data desired is required. This article
addresses these issues along with other common laboratory animal clinical considerations such as biosecurity and

radiation safety in in vivo rodent bioimaging.

Preclinical in vivo small animal imaging modalities such as
micro-computed tomography (micro-CT), micro-positron emis-
sion tomography (micro-PET), high-resolution magnetic reso-
nance imaging (MRI), optical imaging, and ultrasound, are
becoming valuable research tools for investigating biology and
disease. Recent applications also include phenotyping (10, 41)
and studying gene expression (16, 65). Reduced equipment costs,
improved image quality, faster data processing, and increased
user-friendliness have contributed to their increasing popularity
and use. However, the benefits of these technologies also present
new challenges to the laboratory animal professional. Delivering
adequate and appropriate anesthesia of up to several hours in
duration, maintaining physiologic homeostasis during functional
imaging, limited patient access (Fig. 1 and 2), and remote moni-
toring of small rodents are major issues that must be addressed.
The small size of rodents necessitates the use of specialized
monitoring equipment. Frequently encountered obstacles in-
clude obtaining vascular access, limited sample volumes, dead
space in anesthesia circuits, rapid development of hypothermia,
strain variation or study-related alterations in anesthetic sensi-
tivities, image interference, and prolonged or repeated anes-
thetic episodes.

One advantage of non-invasive imaging is the ability to obtain
data from individual animals at multiple time points and to use
an animal as its own internal control, thereby reducing the num-
ber of animals required for a given study (13). However, the
physiologic impairment or unexpected death of an animal can be
profound because it may effectively remove multiple experimen-
tal observations during a study.

With many imaging devices (MRI, CT, and PET), common
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Figure 1. Rat positioned within an RF (radiofrequency) coil prior to
placement in the bore of an MRI unit. Note that only the tail tip is
visible.

Figure 2. Mouse placed on the bed of a CT scanner and insulated to
help maintain body temperature.

means of monitoring and interacting with an anesthetized ani-
mal are not always possible because equipment design or safety
issues can dictate equipment selection and animal manipula-
tion. For example, because of the high magnetic field constantly
present around an MRI unit, no items containing ferromagnetic
metals (iron-containing metals that are influenced by a magnetic
field) can be used within close proximity because such items can
become projectiles. Therefore, all potentially hazardous items
including medical (e.g., anesthesia and monitoring machines,
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needles, catheters) and personal (e.g., keys, jewelry, pens) should
be screened for ferromagnetic metals before entering an MRI
suite. In addition, previously performed procedures should be
reviewed to ensure that no ferromagnetic metals (e.g., metal su-
tures, clamps, implants, catheters) have been implanted or af-
fixed to the animal.

Many vendors now provide MRI-compatible equipment in-
cluding anesthesia machines and monitoring equipment. If stan-
dard equipment must be used, it should be located in a separate
room, shielded from the magnetic forces. Penetration panels are
positioned in the intervening wall through which MRI-compat-
ible tubing and monitoring equipment lines can be passed. Even
if equipment is firmly secured in an imaging room, it may still be
negatively affected by the magnetic field. In addition, only flat
screen monitors should be used because conventional monitors
can both influence and be influenced by the magnetic field.

Multi-modal Imaging

Algorithms have been developed for rodent bioimaging that
superimpose image information from multiple modalities such
as PET, MRI, and CT to give additional spatial and quantitative
information (42, 58). Obtaining such data necessitates that the
animal remain in the exact position during multiple imaging
sessions. This is best accomplished by placing the animal on a
universal imaging bed that can be moved between and is com-
patible with the desired modalities. The animal, anesthesia tub-
ing, and monitoring cables must be securely fixed to this bed
during transport. Several manufacturers are developing multi-
functional imaging technologies that would eliminate the need
for transport (33).

Anesthesia

Although anesthesia is essential for invasive procedures and
immobilization during imaging, anesthetics may introduce vari-
ables by altering cardiovascular, respiratory, and central nervous
functions (25, 44). Further, serial imaging often requires re-
peated anesthesia, each episode of which can extend up to 6 h.
Metabolic and physical stressors that accompany anesthesia,
such as hypothermia, pulmonary atelectasis, hypercapnia, acido-
sis (71), hypoxia, hepatic toxicity (73), and tracheal irritation
from repeated intubations, can vary depending on the length of
the anesthetic episode and the anesthetic protocol used. Because
these consequences may profoundly affect research results and
the health of the animal, imaging frequency, anesthesia length,
and anesthetic regimen, should be considered pre-emptively.

Anesthesia should be easily administered and produce anesthe-
sia for the duration of the scan or allow for easy, often remotely
administered supplementation (79). Although intramuscular or
subcutaneous anesthetics have been used, inhalant anesthetics
delivered through a non-rebreathing circuit (71) and intravenous
anesthetics allow remote adjustment of anesthetic depth. Pro-
longed inhalant anesthesia is relatively safe for rodents when de-
livered with a precision vaporizer (78). Commonly used
anesthetics are not without risk or complications that could inter-
fere with research. For example, immunomodulatory effects have
been documented in mice for up to 9 days following three 40-min
weekly exposures to sevoflurane (19). Consequently, the time pe-
riod between imaging sessions needs to be carefully considered
and anesthetic effects fully understood.

It is important that the anesthetists and investigators have an
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understanding of how the prescribed anesthetic protocol will af-
fect individual animals. Strain differences in response to anes-
thetics also have been documented (30, 68). Some genetically
engineered rodents have been shown to vary in susceptibility to
anesthesia-associated morbidity and mortality (21, 27, 30, 68,
69). Gender and age may also influence physiologic responses to
anesthetics (76). It is important to note that researchers using
the same drugs in previously published studies may not have
considered their potential effect on the animals selected for im-
aging studies (21). Performing pilot studies prior to imaging may
be advisable to assess proposed anesthesia protocols.

Functional Imaging

Functional imaging is designed to detect a physiologic event or
series of events in response to an experimental action. This may
include the distribution or metabolism of an agent, changes in
blood flow or blood volume, or alterations in organ function. Main-
taining an animal within a stable and narrow physiologic range is
key to measure physiologic responses related to the experimental
action and minimize responses elicited by animal manipulation
(14). As implied earlier, anesthesia can markedly influence func-
tional imaging procedures by affecting such parameters as blood
flow, tissue oxygenation, and diffusion of test substances (5, 25, 44).
The ability to detect and manipulate variation between animals
allows one to manage and decrease the impact of natural variables
between animals or groups of animals (81).

Numerous modalities can be employed for functional imaging
including MRI, PET, magnetic resonance spectroscopy (MRS)
(51), and optical imaging. For example, by detecting hemody-
namic changes within the brain (54), functional magnetic reso-
nance imaging (fMRI) can detect regional brain activity (60) or
drug-receptor interactions (81). However, the distribution and
intensity of brain activity can be influenced by factors affecting
cerebral blood volume, cerebral blood flow, and blood oxygenation
levels (47, 81). Therefore, one must consider and compensate for
physiologic responses induced by the administration of fluids,
anesthetics (47), analgesics, and test substances, and by artificial
ventilation (8), alterations in blood oxygenation, body tempera-
ture, and blood pressure (60, 81).

PET can quantify cerebral glucose metabolism and approxi-
mate regional neuronal activity. Cerebral glucose metabolism
can be estimated by administering the radiotracer 2-[8F]fluoro-
2-deoxyglucose (FDG) intravenously, allowing time for the sub-
stance to be taken up by the brain, and then imaging the brain to
determine the location and intensity of FDG uptake (55, 74).
With PET, the same precautions regarding physiologic responses
noted for fMRI must be considered. However, one must also con-
sider the activity level of the animals after FDG administration.
The glucose analog, FDG, is not specific for brain tissue and can
be absorbed by other tissues that utilize glucose as an energy
source (24). If an animal is very active after FDG administration,
high levels of FDG can be detected in muscle tissues and propor-
tionally decreased levels may be detected in the brain (29).

Monitoring During Imaging
Requirements for monitoring and physiologic support depend
on many factors including the health of the animal, the anes-
thetic employed, and the objective of the imaging procedure.
Healthy animals anesthetized with an inhalant anesthetic and
undergoing a 5-min MRI to determine the size of a subcutaneous
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tumor may require only minimal monitoring and thermal sup-
port. However, more intensive monitoring and support would be
indicated for an animal weakened by prior experimental ma-
nipulations and undergoing a prolonged functional imaging pro-
cedure to determine the diffusion of an agent within the brain.

Physiological monitoring of rodents can be challenging due to
their size and rapid heart (mouse, 328 to 780 bpm; rat, 250 to 600
bpm) and respiratory (mouse, 80 to 230 rpm; rat, 66 to 114 rpm)
rates (2, 70). Monitoring equipment originally used for larger
animals has been redesigned for rodent bioimaging. However,
compatibility with the given modality must be considered when
selecting monitoring equipment. Factors to consider when pur-
chasing rodent monitoring equipment have been described (23).

Body temperature. Rodents are highly susceptible to hypo-
thermia due to their large surface-area-to-body-mass ratio and
rapid metabolism (3). In addition, anesthetic agents may sup-
press the thermoregulatory centers of the brain, inhibiting re-
sponse to decreased body temperature (28). Hypothermia may
develop in rodents even during relatively brief (10- to 15-min)
procedures (22). Besides affecting health, hypothermia may af-
fect parameters such as metabolism and heart rate (59). There-
fore, an animal’s core body temperature must be closely
monitored and maintained.

Body temperature can be monitored with probes including
rigid or flexible thermistors. Depending on the imaging modality
being employed and the physical properties of the instrument,
some probes may be impractical, produce image distortions, or
present a safety hazard. Probes are available in multiple sizes
allowing their use with small rodents including mice. Tempera-
ture probes most frequently are placed in the rectum. However,
esophageal temperature probes may be used if their diameter
permits passage through the thoracic inlet without vascular
compression. Although many probes are constructed of metal,
fiberoptic probes are also available. Although markedly more ex-
pensive, they will not induce image artifacts when used with
MRI or CT. If a probe must be used that may induce an image
artifact, attempts can be made to position it outside of the imag-
ing field. For example, when a CT scan of the abdomen is per-
formed, the probe may be placed in the axillary area. Although
this will prevent precise determination of core body tempera-
ture, major alterations can still be detected.

A self-regulating heating device can be safe and easy to use
(59). They generally consist of three units: a probe, a tempera-
ture controller, and a warming source (such as a warm water re-
circulating blanket). The temperature controller integrates with
the probe so that the animal’s body temperature is continually
monitored. Changes in the body temperature are then automati-
cally adjusted for by altering the temperature of the warming
source, thereby maintaining the animal within a very narrow
temperature range. With MRI, CT, or PET, a rigid warm-water
re-circulating pad may be preferable over a flexible blanket, as
use of the latter may introduce image artifacts as the flexible
blanket inflates and deflates in response to the cycling of the
water pump contained within the heating unit. However, water
pads of any design may induce image artifacts during MRI.

Other compatible heating devices include warm-water re-cir-
culating blankets (independent of a temperature controller);
isothermal heating pads (which should not be placed in direct
contact with the animal due to the risk of thermal burns);
heated slide warmers; heat lamps (that must be placed at least
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one meter from the patient and actively monitored to prevent
burns [11]); medical warm air blowers (59); and portable, dis-
posable hand warmers (61). Portable handwarmers used by
outdoor enthusiasts also can be used to directly or indirectly
heat the animal. For example, when wrapped around the anes-
thetic tubing immediately proximal to the animal, handwarmers
can heat the animal indirectly by increasing the temperature of
inspired gases.

Attempts should be made to insulate the animal from the en-
vironment or to control the environmental temperature to de-
crease heat loss. With select optical imaging equipment,
temperature within the imaging chamber can be regulated. In
addition, with most imaging modalities, it is possible to cover or
wrap the animal with a drape or bubble wrap to decrease radi-
ant heat loss. Care should be taken during insulation to include
the tail as it is a vascular structure with a proportionally large
surface area (11).

Hydration. Rodents undergoing lengthy imaging procedures
under anesthesia may become dehydrated. Therefore inspired
gases should be humidified by bubbling them through a water
bath. Parenteral administration of warmed fluids also may help
to prevent or treat dehydration (3, 64). However, there is contro-
versy over the advisability of fluid administration in select ro-
dent studies. Zuurbier and colleagues (83) found that
administering intravenous fluids to different strains of mice who
were anesthetized and mechanically ventilated helped to main-
tain blood pressure, but increased organ water content, de-
creased total hemoglobin, and increased acidosis.

Respiratory System

Anesthetics are known to depress respiration (53). Therefore,
it must be monitored and appropriately supported in order to
maintain health and to reduce variables introduced by poor ven-
tilation including hypoxia, hypercapnia, and acidosis (63). For
example, these changes can affect results, especially during func-
tional imaging, by altering drug metabolism or cerebral blood
flow (25, 44, 74). Some genetically engineered strains are highly
susceptible to respiratory complications during anesthesia as
mentioned above (63). Hypoxia can occur even if a high concen-
tration of oxygen is administered, because of anesthetic-induced
respiratory depression, airway obstruction, or pulmonary
atelectasis during prolonged anesthesia (34).

It has become increasingly common to intubate rodents during
prolonged imaging procedures (9, 21). Intubation facilitates de-
livery of inhalant anesthetics, provides a means to deliver posi-
tive pressure ventilation, and facilitates respiratory monitoring
and gating. It has the added advantage of providing a secure
connection between the animal and anesthetic machine so there
is no disruption in the supply of delivered air.

Rodent intubation sets are available commercially, although
many individuals still adapt common medical equipment. For
example, intravenous catheters can double as endotracheal
tubes. Because of the elasticity of the rodent trachea, a cuffed
endotracheal tube is not required to obtain a tight seal. A pediat-
ric laryngoscope with a modified Miller blade can be used to vi-
sualize the laryngeal folds in rats, thereby facilitating tube
placement. High-intensity, small-diameter light sources can be
used to transcutaneously illuminate the mouse trachea during
tube placement. Alternatively, a dissecting microscope, a
fiberoptic scope, or other lighted source of magnification may be
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used to directly visualize the rat or mouse larynx. Regardless of
method, proper positioning, including the use of intubation
boards, facilitates intubation. For terminal procedures, the en-
dotracheal tube can be placed after a tracheotomy (61).

Once an animal is intubated, artificial ventilation can be pro-
vided. It will improve ventilatory efficiency and prevent respira-
tory depression or apnea (36). Recommended methods for
performing and monitoring artificial ventilation in rodents are
well established (62, 63). Artificial ventilation may also be used
to reduce variability within a study. For example, it would be
useful to optimize and standardize ventilation among mouse
strains that may display differing levels of sensitivity to hypoxia
or hypercapnea (63, 72). If an animal is ventilated for prolonged
periods, it may be necessary to wean it from the ventilator to
stimulate resumption of spontaneous respiration (18).

Use of artificial ventilation is not without risk; its use should
only be employed if the user is familiar with the system and is
prepared to address the potential complications that may arise
(18). Common complications include hyperinflation of the lung
resulting in barotrauma and pressure-induced hemodynamic
abnormalities. Positive-pressure ventilation can also decrease
cardiac output and blood pressure, resulting in inadequate tis-
sue perfusion.

Monitoring methods independent of the ventilator (e.g.,
capnograph, pulse oximeter, respiratory pillow) should be used
to confirm adequate ventilation and to help interpret visual ob-
servations. For example, an animal may attempt to breath out of
synchrony with the ventilator. This may occur due to one of two
reasons: the animal may not be in a sufficient plane of anesthe-
sia, or the animal may be under-ventilated and thus not have the
opportunity to adequately eliminate CO,,. It is important to cor-
rectly identify the cause of resistance for proper correction. For
example, if the anesthetic plane is too light, the dose of delivered
anesthetic should be increased. If an animal is under-ventilated,
the ventilatory rate or the tidal volume should be increased; in-
creasing the anesthetic dose would be contraindicated. Such condi-
tions can be differentiated with concurrent use of a capnograph.

Often in bioimaging, there is considerable distance between
the animal and anesthesia equipment. Therefore, an anesthesia
system must minimize deadspace in the breathing circuit (36).
The mixing of fresh and expired air must be minimized so that
the animal does not rebreathe air high in carbon dioxide and low
in oxygen or gas anesthetics (if present). Endotracheal tubes and
connectors as well as monitoring equipment should be designed
to minimize deadspace (35, 36). Non-rebreathing anesthetic sys-
tems suitable for use in rodents also have been described (49).

Respiratory rate can be approximated through chest move-
ment detected by a small compressible pillow (P-resp Pneumatic
Pillow, SA Instruments, Stony Brook, N.Y.) integrated with a
pressure transducer. The animal’s respiratory movement com-
presses the pillow and affects the pressure transducer that is
linked to a computer that provides a graphical display of move-
ment and the calculated respiratory rate. Respiratory move-
ment, per se, does not indicate successful air exchange. An
animal will initially display respiratory movement even if a full
or partial obstruction occurs within the breathing circuit. There-
fore, additional monitoring methods, such as with use of a
capnograph, should be used to confirm adequate ventilation.

A CO, monitor, which measures the level of CO, in expired
gas, can facilitate generation of a capnograph to display the con-
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centration of expired CO, as a function of time. The location of
the sample chamber is important. Only CO, monitors with a
mainstream sample chamber should be used for rodents. Main-
stream sample chambers, in contrast to sidestream chambers,
are positioned inline with the breathing circuit (immediately
adjacent to the endotracheal tube) so that no fresh gases are di-
verted from the animal. Unless designed for use with rodents,
they may add a considerable amount of deadspace to the breath-
ing circuit. Sidestream sample chambers are designed to divert
expired gases from the breathing circuit for sampling. When
used with large animals, the volume of gases diverted is rela-
tively insignificant. However, with rodents whose tidal volumes
may range from approximately 0.5 to 6 cc per animal (35), the
volume of gas sampled is actually a mixture of fresh and expired
gases. As a result, sidestream monitors prevent the animal’s ac-
cess to adequate fresh gases and may dilute the expired gas,
leading to underestimation of end-tidal CO, (11, 31, 35, 63).

End-tidal CO, is used to approximate the level of arterial CO,
and assess the adequacy of ventilation (11). The shape of the
capnograph waveform can indicate conditions such as circula-
tory shock, rebreathing CO,, a leak in the breathing circuit, im-
proper endotracheal tube placement, and airway obstruction (23,
31). Carbon dioxide monitors also can be used to determine res-
piratory rate as well as its end-tidal CO,.

Serial measurements of arterial blood gases are the gold stan-
dard for assessing respiratory function (63). Body temperature
at the time of sample collection should be provided to the blood
gas analyzer so that temperature corrections can be made. The
partial pressures of oxygen (pO,) and carbon dioxide (pCO,) and
the pH of the blood can be measured from a single sample. From
these, the blood bicarbonate concentration (HCO,) and base ex-
cess can be calculated. The Siggaard-Andersen chart is useful in
interpreting blood gas results (52, 67). Treatment for disrupted
acid-base balance includes identifying and correcting the cause
(e.g., hyper- or hypoventilation, excessive fluid therapy, drug ad-
ministration). In addition, disruption can be compensated for by
manipulating respiration or administering sodium bicarbonate
or select electrolytes (17).

Blood gas analyzers that require very low sample volumes
have been developed, facilitating their use with rodents. There-
fore, multiple samples can be collected during a prolonged scan.
However, the cumulative sample volume should be limited to
prevent hematological variability that may distort results. Con-
tinuous intra-arterial blood gas monitoring that does not require
blood to be withdrawn is available for rats (56).

Cardiovascular system. Electrocardiogram (ECG) and
blood pressure devices are available to monitor the cardiovascu-
lar system of rodents. Care must be taken when selecting ma-
chines for use with rodents (23). An ECG system must be able to
detect the rapid heart rate of mice and rats, and a blood pressure
device must be able to accommodate their small size. Monitoring
equipment in close proximity to the animal must be compatible
with the imaging modality.

Electrocardiograms frequently are used during imaging to
monitor heart rate and rhythm, and to help detect conduction
defects, myocardial ischemia, and metabolic disturbances. Elec-
trocardiographs can also be used to synchronize heart rate with
image acquisition (discussed below). Because electromechanical
dissociation can occur, in which there may be inefficient cardiac
pumping action despite a normal ECG tracing, multiple monitor-
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ing methods should be used to obtain an accurate assessment of
overall physiologic condition. For instance, use of a capnograph
(which reflects both respiratory and cardiovascular function) can
compliment electrocardiography. During electromechanical dis-
sociation, a capnograph would detect high levels of exhaled CO,,
resulting from poor circulation.

Needle or patch electrodes are used most frequently for elec-
trocardiography in rodents. However, the composition of the elec-
trodes must be compatible with the imaging modality. Alligator
clips should not be used unless they have been properly modified
to prevent soft tissue injury. With CT, MRI, or PET, electrodes
should be placed outside of the region of interest to prevent im-
age artifacts. Titanium electrodes are non-ferromagnetic and can
be used with MRI. ECG boards with integral electrodes are com-
monly used with ultrasound or optical imaging systems. There-
fore, an animal’s paws can be placed in direct contact with the
electrodes. Sufficient conduction gel must be applied to ensure a
sound connection between the paws and the electrodes.

Because of the influence of an MRI’s magnetic force on electri-
cal signals, MRI units may distort the ECG waveform obtained
from a conventional electrocardiograph. This can negatively in-
fluence cardiovascular monitoring and cardiac gating (4, 46).

The cardiovascular system is also frequently assessed during
imaging through direct or indirect blood pressure measurements
(43, 50, 75). Direct measurements are more accurate (11) as they
can detect the pressures exerted within a catheterized artery
such as the femoral or carotid artery. However, this method re-
quires arterial catheterization (77) which can be technically
challenging, time-consuming, and difficult to maintain. Indirect
measurement typically employs an inflatable tail cuff, a pressure
sensor, and a probe to detect arterial blood flow (32). Indirect
measurements are less accurate than direct measurements and
are intermittent rather than continuous (43). A review of direct
and indirect methods to assess rodent arterial blood pressure
has been published (75).

Pulse oximeters measure oxygenated hemoglobin (SaO,) in
the blood and evaluate tissue oxygenation when blood gas analy-
sis is not available. The use and limitations of pulse oximeters
have been described (31). The small size and rapid heartbeat of
rodents make their use difficult in these species. Only pulse
oximeters proven to be accurate with a given species should be
used. Pulse oximeters are available for rats; however, to the au-
thors’ knowledge, no systems have been validated for mice. Al-
though they are useful for monitoring an animal with a high
Sa0, and a correspondingly high partial pressure of oxygen
(Pa0,), they may underestimate a significant decrease in PaO,
as the Sa0O, level falls below 90% (31). In addition, inaccurate re-
sults will be obtained if blood vessels near the pulse oximeter
probe undergo vasoconstriction.

Gating. MRI, CT, and PET can image a body area or organ
that is under continuous movement as a result of the heartbeat
or respirations. However, blurring of the image can occur if gat-
ing is not used. Gating eliminates motion artifacts and improves
image quality by synchronizing image acquisition with precise
periods during the respiratory or cardiac cycle (40). As a result,
images are only collected or analyzed for a fraction of time dur-
ing each heartbeat or respiration. Images are then averaged over
a constant position within the cardiac or respiratory cycle. Al-
though this results in slightly longer scans, image definition is
greatly enhanced (12) (Fig. 3).
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Figure 3. [llustration of improved image quality obtained from an MRI
scan with and without using a motion gating system. Images are ob-
tained through the heart, diaphragm, and liver. Reprinted with permis-
sion of Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc., from the
article “Assessment of motion gating strategies for mouse magnetic reso-
nance at high magnetic fields,” by P. J. Cassidy, J. E. Schneider, S. M.
Grieve, C. Lygate, S. Neubauer, and K. Clarke. ©2004.

(i) Respiratory gating. Respiratory gating systems synchro-
nize image acquisition with respiratory movement. Artificial
ventilation simplifies imaging as the ventilator can be integrated
into the gating system (36). A frequently used direct respiratory
detection method for spontaneously ventilating animals employs
the compressible pillow coupled to a pressure transducer as de-
scribed above. Other direct methods utilize an ECG signal, an
impedance pneumograph, or motion sensors (48). Triggers for
respiratory gating also can be detected indirectly. In one indirect
method, images are obtained throughout all phases of the respi-
ratory cycle. Post-processing selects images obtained during a
specified phase of the cycle for analysis. Another indirect method
examines previously obtained images and then times future im-
age acquisition based on the prediction as to when the next opti-
mal imaging period will occur (12).

With select imaging modalities such as ultrasound or optical
imaging, use of a high-frequency oscillatory ventilator may
eliminate the need for respiratory gating. It delivers very low
tidal volumes at a rapid rate, keeping the lungs under constant
positive pressure and the alveoli continually expanded, which
results in limited respiratory movement. Unfortunately, it can-
not be used with MRI or CT because the ventilator uses a strong
magnet to deliver oscillatory ventilation. Under any circum-
stance, its applicability would depend on the imaging modality’s
spatial resolution and susceptibility to artifacts (36).
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(ii) Cardiac gating. Cardiac gating synchronizes image ac-
quisition with the cardiac cycle. One method synchronizes image
acquisition with a specific time point within the electrocardio-
graphic RR interval (40). However, the electromagnetic force
generated by a MRI magnet may distort the ECG waveform,
making accurate detection of R waves unreliable. To decrease or
prevent distortion, gating systems have been developed that in-
corporate a fiberoptic esophageal stethoscope which is unaf-
fected by an electromagnetic field. The stethoscope is positioned
near the heart, each heart-beat detected through esophageal
compression, and the resulting interruption of the optic signal
transmitted by the fiberoptic cable. Image acquisition can then
be synchronized to the heart’s movement (1, 4).

Imaging of Conscious Animals

With most rodent imaging, general anesthesia is required to
reduce motion artifact. As emphasized in previous sections, use
of anesthetics can complicate data interpretation (38, 66). Recent
advances have enabled imaging of conscious animals. These sys-
tems incorporate stereotaxic restraint into traditional rodent
imaging modalities or attach miniaturized imaging devices di-
rectly to the animal (7, 66, 80). Their use shows great potential
especially in neurophysiology and fMRI. However, there is some
debate over the potential for restraint-induced stress to influ-
ence experimental results (15). Optical imaging systems also
have been developed for imaging freely moving conscious ani-
mals (82).

Radiation Exposure

Radiation exposure during serial in vivo imaging (e.g., micro-
PET and micro-CT) depends on tracer dosages and imaging pa-
rameters. Exposure during micro-CT typically ranges from 10 to
50cGy (26, 57). Even at these low-levels, stimulation of DNA re-
pair, free-radical detoxification, stimulated immune responses to
neoplastic cells, and apoptosis have been noted (20). In addition,
doses as low as 1 ¢cGy have reduced lymphoma tumor volume in
mice (6). PET tracer doses typically range from 0.5 to 2.0 mCi for
rats and from 50 to 200 pCi in mice (15). Total doses acquired fol-
lowing frequent serial imaging of rodents are clinically signifi-
cant although they do not typically result in cumulative lethal
levels of 5-6Gy (16, 39).

Radioactive Tracers

Common radiotracers used in micro-PET imaging are rela-
tively short-lived, with half-lives ranging from 122 sec for O to
110 min for F18 (15). However, they do leave animals briefly ra-
dioactive (37). Therefore, care must be taken to ensure that ani-
mal care workers, animal handlers, investigators, and
veterinarians are trained appropriately in handling radioactive
materials. Radioactive animals should be physically separated
from other animals until background levels are measured. Ra-
dioactive animal waste and bedding can usually be left overnight
to decay 7 to 9 half-lives; they then are disposed of as non-haz-
ardous waste.

Biosecurity
Imaging facilities frequently are challenged with issues re-
lated to biosecurity. Methods to exclude infectious organisms
from imaging facilities as well as pathogen containment should
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be well established and understood by all users. This can be es-
pecially challenging for centrally located or shared imaging fa-
cilities. Numerous strategies may be employed by imaging
facilities to control health risks inherent in consolidating ani-
mals from multiple sources. For example, animals may be ac-
cepted into a core imaging facility but then euthanized and not
allowed to return to the original facility. Unfortunately, this
strategy eliminates one of the main advantages of imaging, the
ability to perform sequential scans on an individual animal. Al-
ternatively, animals may be released from the imaging facility
but then quarantined prior to re-introduction to the original
colony. This could be associated with an increased expense due to
the cost of a health surveillance program and an additional risk
of spreading a contaminant between facilities. Another strategy
entails placing the animals in a mobile, self-contained chamber
for the duration of time it is in the imaging suite. The chambers
must be equipped with an appropriate means to prevent the air-
borne spread of contaminants and to provide adequate air qual-
ity and temperature levels. Currently, the authors are not aware of
commercial sources for such isolation chambers, although indi-
viduals are actively exploring their use with micro-CT and MRI
(unpublished data).

Regardless of the flow of animals between or within facilities,
it is advisable to disinfect equipment (including anesthetic
equipment) and work surfaces appropriately between individual
animals or groups of animals. Care must be taken to avoid dam-
aging sensitive and expensive equipment by use of corrosive
agents or through exposure to water or heat. If possible, equip-
ment that cannot be adequately disinfected should be protected
by a disposable, water impermeable cover to reduce contamina-
tion. It is also advisable to maintain a daily log detailing imaging
equipment usage time and animal information (responsible in-
vestigator, animal identification, and animal housing locations
before and after the scan). A log could be invaluable in tracking
the source of an outbreak as well as identifying other animals
who may have been exposed.

Conclusion

Obtaining accurate and consistent images of animal models is
one of rodent bioimaging’s greatest strengths, but also its great-
est challenge. Success relies heavily on choosing the appropriate
anesthetic regimen, maintaining metabolic homeostasis, and ob-
taining suitable monitoring equipment. Because each study is
likely to present unique conditions, a thorough understanding of
the imaging modality, the animal’s health status, and research
aim is required by everyone involved, especially the laboratory
animal professional. With that background information and some
imagination, many of the clinical challenges encountered in rodent
bioimaging can be addressed successfully. Despite great strides in
rodent imaging, this recent and rapidly advancing field holds
abundant opportunities for research and discovery.
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