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Facilitating Multimodal Preclinical Imaging Studies
in Mice by Using an Immobilization Bed

Geoffrey S Nelson, Jessica Perez, Marta V Colomer, Rehan Ali, and Edward Graves’

We have designed an immobilization bed that accommodates mice of all ages and sizes, to improve image registration for multi-
modal scans and for longitudinal preclinical imaging studies. Stationary pegs were placed such that they effectively immobilized
mice and reduced set-up time. ?Na fiducial markers were placed into the pegs at unique depths to provide 3D references to facili-
tate image registration. Multiple users registered positron emission tomographic (PET) and CT data obtained with and without
the bed to examine the effect of the bed on registration accuracy and interuser variability. The image registrations performed by
different users were evaluated for their similarity by using the Entropy Correlation Coefficient as a metric. The immobilization
bed significantly reduced variations in body movement and interuser variability. Average differences in quantification of tumor
PET signal among users when registering images without versus with the fiduciary-marker bed fell from 9.1% to 0.8% for maximal
percentage injected dose per gram (%ID/g), from 15.6% to 2.3% for mean %ID/g, and from 9.4% to 0.7% for the 90th percentile of
the maximum %ID/g. The bed improves animal immobilization, greatly reduces interuser variability, and supports registration of
image data acquired from different imaging sessions.

Abbreviations: ECC, entropy correlation coefficient; NMI, normalized mutual information; PET, positron emission tomography;

RO, region of interest; SUV, standardized uptake value.

Preclinical molecular imaging techniques such as positron
emission tomography (PET) are crucial platforms for evaluating
new therapeutic methods and exploring novel biologic functions
in vivo.! PET is a functional imaging modality that can provide
direct information about the spatial distribution of specific biolog-
ic processes. However, the resulting images are often difficult to
interpret because they lack sufficient anatomic context. Therefore,
registration and fusion of relatively coarse-resolution PET image
sets with fine-resolution CT or MRI image sets is invaluable for
anatomic orientation and for accurately delineating regions of
interest (ROI).

Combined PET-CT systems are now common in the clinical
setting. Although preclinical multimodal systems gradually are
becoming more common, their high cost means that many pre-
clinical imaging centers still use separate microPET and microCT
scanners.! However, using separate systems introduces differ-
ences in body position in each scan, thereby complicating the
registration process. Moving an animal among multiple imagers
introduces the opportunity for various errors, increases the over-
all duration of the study, and prolongs the time that an animal
is anesthetized. Because resulting changes in anatomy are often
nonlinear, standard techniques for registering image data, such
as software-based rigid registration and manual translations
and rotations, will not be sufficient to produce well-registered
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images. This problem is amplified when one considers the myriad of
other imaging modalities used in preclinical research, including
MRI, optical imaging, ultrasonography, and so on.

Several approaches can be used to improve the registration
of data acquired from 2 or more different systems. One is to use
advanced nonrigid registration algorithms that can estimate re-
alistic biomechanical tissue deformations.? Such algorithms are
mathematically complicated and computationally expensive to
run. In addition, such methods generally rely on the similarity
of information in the images, whereas PET images (which show
locations of metabolic activity) very often lack sufficient similar-
ity with their corresponding CT images (which show anatomy as
weighted according to electron density) for nonrigid registration
to yield acceptable accuracy.’® Another method to improve data
registration is to constrain an animal’s position to minimize body
movements between scans. An ideal constraining mechanism
would feature the following properties: (1) it would facilitate mul-
timodal image registration by minimizing opportunities for ani-
mal movement; (2) it would require minimal set-up to improve
throughput and reduce the overall time that the animal was con-
strained; (3) it would be reproducible, so that the animal could
be consistently imaged at multiple time points, and the resulting
image data would be in close alignment with previously acquired
images. This last property would greatly facilitate longitudinal
studies, such as those comparing tumor PET tracer uptake before
and after therapy.

Several types of constraints are described in the literature.
Some labs used a unique mold for each animal imaged.'*> How-
ever, if the study involves a large number of mice, this approach
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is less attractive. In addition, the location of any subcutaneous
tumors could affect the fit of the mold as tumors and mice grow.
One available device involves extending the limbs of a mouse
rostrocaudally and immobilizing them.? Although this method is
superior to simply laying a mouse on a bed, it is time-consuming
and still allows for considerable rotation of the animal’s body.
Other authors designed a system to immobilize rats by fixing
each animal’s teeth at the front of the instrument, restraining each
ear in a clamp-like device, and wedging the body between mul-
tiple “torso fixation” devices.”® This design successfully stabilizes
the head and neck but permits considerable trunk movement and
is time-consuming to set up. Still other researchers have designed
immobilization beds for specific body parts (primarily the head
only).”? A system for combining PET, MRI, and histology uses 3
fiducial rods, which transfix the tumor and are held in place by a
large device on a mouse’s leg.”

Here we describe the design of a mouse bed that is optimized
for PET-CT imaging. The design was inspired by a set-up used in
a study that immobilized rats for prostate radiotherapy® and used
pegs to immobilize the limbs in a simple manner. Our bed builds
on that premise and features a mouse-optimized and flexible peg
design, along with PET-CT-visible fiducial markers for facilitat-
ing registration by using point-matching-based algorithms. Use
of this apparatus confers a significant operational benefit to mul-
tisystem imaging by reducing mouse movement and interuser
variability, both within and between studies.

Materials and Methods

Before experiments began, protocols were approved by the
Administrative Panel on Laboratory Animal Care (APLAC), the
IACUC at Stanford University. Protocols were followed during
all animal use.

Bed design and construction. Multiple mice of various ages and
species were measured to optimize the bed and size and locations
of restraining pegs. The pegs were placed in stationary positions
that effectively immobilized the majority of mice and facilitated
high-throughput imaging by avoiding adjustments for every
mouse. Pegs were placed on either side of each of the animals’
limbs, closely adjacent to their bodies. An additional set of pegs
was placed caudolaterally to the most posterior restraining pegs
to guide the hindlimbs in a reproducible direction. ?Na PET-CT
point sources with active region dimensions of 1 mm in diameter
and 0.5 mm height and with outer dimensions of 3 mm x 3 mm
x 8 mm were used as fiducial markers and were placed inside
the pegs of the imaging bed. The depths of the markers within
the pegs are unique to each peg, thus producing a unique 3D ar-
rangement that can be easily identified in image data. Figure 1
(top panel) is a schematic diagram (produced by using Google
Sketchup, http:/ /sketchup.google.com) of the bed design.

Tumor xenografts and imaging. Foxnlnu mice (age, 2 mo) were
used for the experiment; each mouse was injected subcutaneously
with 1 x 10° HT29 colon carcinoma tumor cells in each flank. Im-
aging began once the tumors reached an average size of about
0.15 mL (approximately 2 wk after injection).

Mice received approximately 200 uCi **F-fluorodeoxyglucose
by intraperitoneal injection and were imaged 1 h thereafter.
Mice were anesthetized with 2% isofluorane prior to PET imag-
ing (Siemens—Concorde microPET R4, Concorde Microsystems,
Knoxville, TN) for 10 min. Acquired list-mode image data were re-
constructed by using an ordered-subsets expectation-maximization
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Figure 1. Bed design. Top: The schematic design of the multimodality
immobilization bed. Bottom: Photo of the bed. Mice younger and small-
er than the 2-mo-old mouse shown rarely are used in imaging studies.
This bed also has been used with fully grown, 2-y-old mice. About 75%
of mice fit in this configuration. For the other 25% (that is, very large
mice), placing the front legs in front of the most anterior pegs retains
the full functionality of the bed. Given the nature of most research stud-
ies and mouse strains, subjects rarely grow to full size, and the typical
configuration (shown) is used nearly always. Black arrows indicate the
locations of the fiducial markers, which are small and embedded in the

pegs.

(OSEM) algorithm.® Immediately after microPET imaging, CT
images were acquired (SPECT-CT imager, Gamma Medica-Ideas,
Northridge, CA) by using a 70-kV, 215-pA beam with a 50-um
spot size; 256 projections were acquired; and images were recon-
structed to a final resolution of 0.17 mm.

Intrascan mouse movement. Using serial CT imaging, we per-
formed 2 tests to assess the amount of intrascan variation in
body position. The first test estimated the upper limits of mouse
body movement within a single imaging session. To this end,
we scanned the upper body of an anesthetized nude mouse that
was placed in the immobilization bed. To test the bed’s immobi-
lization ability, anesthesia was discontinued and the mouse was
allowed to regain consciousness while in the bed; once conscious,
the mouse was scanned a second time to define its maximal
movement. During the second test, the magnitude of mouse body
displacement across multiple imaging sessions was estimated. A
single mouse with subcutaneous tumors was imaged on multiple
days, and the overall difference in body position was estimated.

Interuser registration variability. To investigate the influence of
the imaging bed on interuser variability in registering PET scans
to CT scans, 10 mice were imaged on 5 different days (days 1, 3,
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5, 11, and 16); 5 mice were scanned while in the immobilization
bed and the other 5 while in the standard bed used in the imaging
center. The standard bed was constructed by using a large syringe
cut in half along the long axis; a mouse was placed inside this
device when moved from one system to another for imaging. This
approach is commonly used approach for multimodal preclinical
scans at the Stanford Small Animal Imaging Facility:?

Images were fused by using a 2-step process. The initial reg-
istration was accomplished by using a semiautomatic rigid
registration algorithm based on point matching (RTImage, an
IDL-based free preclinical imaging software suite; http:/ /rtimage.
sourceforge.net).* The registration algorithm used mutual in-
formation (described below) of the PET and CT scans to compute
the similarity between the images. After this automated registra-
tion, users manually transformed the images further to refine
the alignment. This manual adjustment was performed by us-
ing identifiable landmarks such as the urinary bladder, eyes, and
kidneys; these structures all were easily identified on both CT
and fluorodeoxyglucose-PET scans. The PET images were trans-
formed relative to the CT images, thus allowing the variation in
PET image transformations by different users to be computed.

To compare user variability, we needed a measure of similarity
between the 2 registered PET images. Mutual information pro-
vides such a metric. The mutual information (MI) of 2 images, A
and B, is given by the following equation:

MI(A,B) = H(A) + H(B) - H(A,B),

where H(A) and H(B) are the entropies of images A and B, re-
spectively. Entropy is an information-theory metric that describes
the amount of information encoded in a signal or image.® Mutual
information has a lower limit of 0 but no inherent upper limit,
which varies depending on image content and size. To provide an
upper limit, normalized mutual information (NMI) can be used:

NMI(A,B) = [H(A) + H(B)],
~ H(AB)

where H(A,B) denotes the joint entropy of A and B. This measure
has a lower limit of 1 and an upper limit of 2. Because such limits
are more awkward to process than are the intuitive limits of 0 and
1, NMI often is converted into an entropy correlation coefficient
(ECQ):

ECC=2-_2

i

NMI

An ECC of 1 indicates that the images were identical and per-
fectly registered, whereas an ECC of 0 shows that the images were
completely independent and did not match at all.® We calculated
the ECC between identical PET scans registered by different us-
ers.

Regions of interest (ROI) delineating the bilateral tumors were
drawn on the CT scans. Because all users registered the PET scans
to the corresponding CT scans, the ROI were used to quantify
each user’s PET data. Therefore any differences in PET quantifi-
cation would be due to these slight misregistrations only. These
differences were evaluated by using multiple methods for assess-
ing PET signal from a tumor. Although the standardized uptake
value (SUV) is the standard unit for PET scans in the clinical set-

Multimodal immobilization bed

ting, preclinical PET scans usually are quantified in percentage
injected dose per gram of tumor (%ID/g).® There are three stan-
dard methods used frequently to measure SUV and %ID/g. One
is to measure just the maximum voxel in the ROI (%ID/g-max
or SUVmax), another is to compute the mean of all voxels in the
ROI (%ID/g-mean or SUVmean), and a third method is to use a
threshold such that only the brightest 10% of voxels are averaged
(%ID/g-0.9max or SUV0.9max). These methods are the standard
ways of measuring the units of both %ID/g and SUV." We used
all 3 quantitation methods to reveal possible correlations between
user variability and either tumor size or signal intensity.

Results

Bed design and construction. Figure 1 (bottom) shows a pho-
tograph of an anesthetized nude mouse immobilized in our bed.
Experienced users could to place mice in the bed within 20 s.

Intrascan mouse movement. Figure 2 shows 2 coregistered CT
scans of an immobilized nude mouse that was imaged first while
anesthetized and then imaged again after anesthesia was dis-
continued and the mouse had awoken. The images show dorsal
displacement of approximately 3 mm and negligible lateral and
rostrocaudal displacement. This experiment simulated a “worst-
case scenario’ regarding displacement between multiple scans
within the same imaging session.

Figure 3 shows 2 coregistered CT scans of a nude mouse with
subcutaneous tumors that was immobilized in the bed; the sec-
ond scan was obtained 11 d after the first. The coregistered image
shows maximal dorsal body displacement of 0.7 mm. The coregis-
tered data enable direct comparison of the subcutaneous tumors,
which grew substantially over this period.

Interuser registration variability. When we compared the simi-
larity of registered PET scans performed by several users, the
scans performed with the immobilization bed had an average
ECC of 0.563 *+ 0.072 whereas those obtained without using our
bed had an average ECC of 0.337 + 0.060; this difference between
ECC values is statistically significant (P < 0.00005; Figure 4). Im-
ages acquired with the immobilization bed and then registered
were therefore more similar (that is, more closely registered) than
were those acquired and registered with the standard bed. The
worst (that is, lowest) ECC was 0.25 and corresponded to a mis-
registration of slightly less than 3 mm.

Figures 5 and 6 show the relationship between tumor size (as
determined from ROI drawn on the CT scans) and the variation
in intratumoral PET signal in images registered by different us-
ers; each point in the figures represents a specific PET-CT image
pair. Using the standard bed led to a wide range in interuser PET
measurements, particularly for tumors with volumes less than
0.4 mL (Figure 5). The immobilization bed significantly decreased
variation in PET measurements for tumors of all sizes (Figure 6).
For scans performed without the immobilization bed, differences
(mean * SE) in quantification between users were 9.1% + 4.8%,
15.6% +4.5%, and 9.4% * 4.7% for %ID/g-max, %ID/g-mean, and
%ID/g-0.9max, respectively. The corresponding differences for
scans performed with the immobilization bed were 0.8% * 0.85%,
2.3% +0.7%, and 0.7% = 0.3%, respectively (P < 0.03, P < 0.00004,
and P < 0.02, respectively). These differences are compared di-
rectly in Figure 7.
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Figure 2. “Worst-case’ intraexamination movement. Two views of fused
CT scans of the same mouse, one with and one without anesthesia. The
first scan was taken while the mouse was under anesthesia and is shown

in a green-black scale. The second scan was taken while the mouse was
conscious in the bed and is shown in a red-black scale. The left panel
(coronal view) shows that the mouse was able to move vertically 3 mm
mid-scan. The right panel (transverse view) shows that the 3-mm verti-
cal movement did not translate into noteworthy movement in any other
direction.

B w6 bl b S

Figure 3. Longitudinal reproducibility. Two coregistered CT scans (time
between the 2 scans, 11 d) of a subcutaneous-tumor-bearing nude
mouse. The mouse shows maximal dorsal body displacement of 0.7
mm. The slight displacement between these 2 scans can be seen as either
red (the earlier scan) or green (the later scan). Tumor growth over 11 d
is visible and easily tracked. The left panel shows the coronal view, the
top-right panel shows the transverse view, and the bottom-right panel
shows the sagittal view.

Discussion
Fusing multimodal preclinical images is a challenging task in
cases when the imaging modalities are available only as separate
devices. Using fiducial markers and constraining the animal prior
to imaging can assist the fusion process greatly. If these measures
can be incorporated in a reproducible manner that ensures iden-
tical anatomic positioning, then registration and fusion of im-
ages acquired at different times would be facilitated as well. Most
protocols attempt to limit animal movement by restraining the
animal in a makeshift bed to which some sort of low-activity ra-
dioactive marker has been attached. These techniques, however,
do not eliminate intrascan movement, and they are difficult to

achieve reproducibly on different dates.
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Figure 4. Image registration. Multiple users registered a set of PET
scans to their corresponding CT scans. The registered PET scans then
were compared with each other by using the ECC metric to assess user
variability. The immobilization bed facilitated significantly (P < 0.00005)
improved registration through reduction in user variability. Error bars,
95% confidence interval.

We developed an immobilization bed that holds mice in a
consistent position and facilitates the registration of multiple im-
ages acquired on separate PET and CT imagers. The bed contains
integrated PET-CT-visible fiducial markers, and the peg-based
design ensures that the mouse is held in a similar position on dif-
ferent imaging sessions. As a result, our immobilization bed also
facilitates the registration of images acquired in different sessions,
thus enabling longitudinal imaging studies to be performed more
efficiently.

Here we describe the design the bed and its use in several vali-
dation studies. We performed 2 types of studies to quantify in-
trascan variation in mouse body position while using the bed.
The worst-case-scenario test involved waking an anesthetized
mouse and measuring the difference in body position. The results
showed a maximal displacement of 3 mm in only one direction.
The longitudinal test resulted in maximal body displacement (not
including tumors) of 0.7 mm between scans. Given that all imag-
ing exams are performed under anesthesia, these test results indi-
cate the immobilization bed very effectively minimizes intra- and
interscan movement.

We also compared interuser variability between the immobili-
zation bed and a standard hemicylindrical bed. Using a measure
of similarity based on mutual information,” we found that use
of the immobilization bed yielded more closely registered im-
ages and decreased the variation in registration results gener-

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



0%
80%
70%
W%ID/g max"
50% A"%|D/g mean"
©"%ID/g 90%"

&
=

]
&

§ 8
.‘»b...-b
e > e

Variation in PET tumor signal measurement
]
Ed

‘L
B .. .

08 1 12
Uclume {mL)

Figure 5. User variability and registration accuracy on PET quantifica-
tion with a standard bed. This shows the relationship between tumor
size and the variation in intratumoral PET signal found in registrations
performed by different users. Each point represents a specific PET-CT
image pair. A broad spread of variations can be seen, particularly for
tumors with a volume less than 0.4 mL.
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Figure 6. User variability and registration accuracy on PET quantifica-
tion with the immobilization bed. This shows the relationship between
tumor size and the variation in intratumoral PET signal found in regis-
trations performed by different users. Each point represents a specific
PET-CT image pair.

ated by different users. The use of different methods of physically
positioning the mouse into the bed by individual users created
slightly different body positions for scans performed across users.
However, these differences did not appreciably affect variations
in tumor ROI PET measurements after registration.

Whereas PET ROI measurements obtained while using our im-
aging bed had no dependence on tumor size, these data showed
significant dependence on tumor volume when obtained while
using a standard bed. Although our data are too noisy to state
conclusively, interuser variability increases as tumor size de-
ceases. In particular, the PET signal measured from tumors as
large as 0.38 mL still showed significant variability among users.
However, it should be stated that our choice of tumor line may
have contributed to the high level of variability observed with the
standard bed. In several scans, the HT29 tumors we used in this

Multimodal immobilization bed
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Figure 7. Comparison of user variability for the 3 most frequently used
units in preclinical PET imaging. The data points from Figures 5 and 6
are averaged here to show the enhanced registration accuracy and de-
creased user variability achieved with the immobilization bed. The error
bars show the 95% confidence interval.

study showed very little fluorodeoxyglucose uptake, and in some
cases, the background signal in the gut was higher than the tumor
signal. As a result, our test metrics are very sensitive to variations
in image alignment, further highlighting the significance of inter-
user variability. Our bed is therefore suitable for registering PET
images where there is low tumor-specific contrast, as is frequently
the case with novel experimental imaging tracers that are in the
process of being optimized.

We plan to improve our bed further in future work. First, we
are working on methods to make the bed MRI-compatible, in-
cluding the development of MR-visible fiducial markers. In addi-
tion, we are integrating sensors for monitoring vital signs, namely
heart rate and breathing, thereby allowing gating and monitoring
while a mouse is immobilized. Finally, we plan to use our bed in
studies of tumor treatment response, in which longitudinal PET
data from pre- and posttreatment imaging scans can be overlaid
and compared directly.

In conclusion, intra- and interscan movement adds opportu-
nity for error in longitudinal PET studies. Although differences in
registration can be small and seemingly negligible, they can lead
to large differences in PET signal measurements. Our immobiliza-
tion bed mitigates these issues and results in a greatly decreased
level of interuser variability in PET-CT registration, both in scans
acquired during a single imaging session and among those ac-
quired during different imaging sessions. As a result, our immo-
bilization bed has the potential to greatly facilitate multimodal
and longitudinal preclinical imaging studies in which image data
need to be registered accurately.
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