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ABSTRACT: Mouse models are crucial for the study of genetic factors and processes that influence human disease. In

addition to tools for measuring genetic expression and establishing genotype, tools to accurately and comparatively assess

mouse phenotype are essential in order to characterize pathology andmake comparisons with human disease. MRI provides a

powerful means of evaluating various anatomical and functional changes and hence is growing in popularity as a phenotypic

readout for biomedical research studies. To accommodate the large numbers of mice needed in most biological studies,

mouse MRI must offer high-throughput image acquisition and efficient image analysis. This article reviews the technology

of multiple-mouse MRI, a method that images multiple mice or specimens simultaneously as a means of enabling

high-throughput studies. Aspects of image acquisition and computational analysis in multiple-mouse studies are also

described. Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

An improved understanding of genetic factors directing
the complex processes of normal and disease develop-
ment will open up new avenues for the treatment of
human disease. However, with �25 000 genes (1) and a
high level of heterogeneity (2–4) in the human genome,
the task of identifying the precise role of each gene and
the complex interplay between them is overwhelming. As a
result, it is tremendously beneficial to study other closely
related mammals, in which genetic and experimental
conditions can be better defined and even controlled. In no
other mammal is this more true than the mouse. With the
availability of genetically homogeneous mouse strains
and the ability to manipulate the mouse genome, the
mouse is an optimal choice for biomedical research.

In mouse studies of disease, concise yet thorough
evaluation of both genotype and phenotype are necessary.

Serial evaluation of individual genes or traits is
impractical. Consequently, strategies for simplifying
analyses or improving efficiency are being developed.
For instance, although genotype descriptions can be
simplified by experimentation with only a single gene at a
time, many conditions lack candidate genes of interest or
appear to have only incomplete lists of implicated genes.
Alternative methods that accommodate a number of
genes in parallel are desirable. To this end, technologies
for efficient and indiscriminate genetic alteration and
detection have been developed. As examples, chemical
mutagenesis permits rapid genome-wide alteration of
genes (5,6) and DNA microarrays simultaneously probe
the expression levels of thousands of genes (7,8). In the
same fashion, the evaluation of mouse phenotype must be
streamlined. As assessment of isolated phenotypes is not
generally applicable, technology permitting rapid and
comprehensive assessment is necessary. The systematic,
phenotype-driven evaluation of disease status has
important applications for routine screening of novel
mutations and for more detailed studies of particular
disease models. A number of methods are being
developed for this purpose. Noteworthy among these
are several medical imaging techniques that are routinely
used for diagnosis in the human population.

In particular, MRI is known for excellent soft tissue
visualization throughout the body. Simple T1-weighted
and T2-weighted images, providing anatomical and
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morphological characterization, remain the backbone of
most clinical diagnostic scans. Increasingly, however,
various means of functional characterization have
become available, including measurements of blood
flow, dynamic tissue motion, hemodynamics associated
with neuronal function and other tissue properties. In
addition, there is a growing new industry focused on
molecular-specific imaging. These MRI techniques are
well suited for development and implementation at the
scale of the mouse.
Although mouse MRI shares similarities with clinical

MRI, it is important to also recognize important
differences. First of all, at resolutions permitting
comparable organ coverage, scan duration is generally
longer in mice than in humans. The increase in imaging
time – in combination with dedicated mouse radio-
frequency (RF) coils and high field MR systems – is
necessary for sufficient signal-to-noise ratio (SNR) in
mouse imaging studies, which are more signal-limited
than human studies. Second, the aim in typical mouse
studies is characterization of a population rather than
diagnosis of an individual. Biomedical research studies
always include a number of mice in order to assess
phenotype variability and penetrance as well as increase
statistical power. This switch to multiple subject datasets
motivates a philosophical shift at the scanner during
image acquisition, with a focus on animal throughput (as
highlighted recently by McConville et al. (9)). Further-
more, a third and related difference is encountered during
image analysis of multiple subject datasets. Two or more
different groups of mice must be collectively compared
with one another, in contrast with clinical diagnosis,
which is based on the detailed consideration of one or
more images from a single individual. Such population-
based analyses have already been pioneered in select
research studies evaluating data from large groups of
human images (10–17), and must become an integral part
of mouse imaging studies. These important differences
necessitate modification of traditional clinical MRI
technology for use in the mouse.
This article reviews innovations developed at the

Mouse Imaging Centre in Toronto for mouse MRI.
These innovations address the throughput requirements
of image acquisition and analysis encountered over the
course of a typical mouse study, making MRI more
useful for various biomedical studies. The first section
describes multiple-mouse MRI (MMMRI), a technique
that greatly increases mouse throughput by paralleliza-
tion of the imaging process. Subsequent sections
describe in vivo and fixed-specimen MMMRI imple-
mentations. Analysis of multiple-mouse image datasets
is the topic of the final section, where an example in vivo
study is also presented. We have placed an emphasis in
this paper on the technical aspects of high-throughput
imaging; a review of mouse phenotyping by MRI is
provided elsewhere in this issue.

HIGH-THROUGHPUT IMAGING FOR
MOUSE STUDIES: MMMRI

Theory

Various techniques for increasing image throughput in
mouse studies can be envisaged. Rapidly imaging mice in
a serial fashion inevitably sacrifices image quality; as
mouse imaging is already SNR-limited, alternative means
of increasing throughput are preferred. Parallelization of
the imaging process, so that multiple mice can be imaged
simultaneously is an effective way of reducing scan time
on a per mouse basis without sacrificing MR protocol
flexibility. This is the motivation behind MMMRI.

Several different hardware configurations for imaging
mice in parallel are possible. These were examined by
Bock et al. (18). Many of the possible configurations have
since been demonstrated, and include the simple case of a
single RF coil and gradient set with multiple close-packed
mice (19,20) as well as the more complex case of
individual RF and gradient coils for each of multiple mice
(21). A recent review from our group (22) includes a more
extensive discussion and comparison of these altern-
atives. Provision of an individually shielded, single-
mouse RF coil for each of multiple mice in a common
gradient set is one of the most efficient arrangements. In
this configuration, the improved sensitivity of small
volume RF coils for each mouse is maintained, and the
fraction of the homogeneous magnetic field occupied by
additional MMMRI hardware is kept at a minimum. A
picture of this system as implemented at our laboratory is
provided in Fig. 1. As many as 19 RF coils set in a
close-packed array are placed within a full-bore gradient.
Although RF transmission and reception is independent
for each coil, they are timed coincidently so that spatial
encoding is achieved with a single set of gradient pulses.

Figure 1. MMMRI hardware for a dedicated 7 T system. An
array of 16 RF coils is shown partly removed from the bore of
a common gradient set, which provides spatial encoding for
mice in all coils. A loading array set on the rails at the left
holds centrifuge tubes, in which mice reside during the
imaging session.
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Throughput increase is achieved by acquiring mouse
images from all coils simultaneously. Nevertheless,
image prescription proceeds as if only a single mouse
were present. A field-of-view (FOV) is set to cover a
single mouse in the center RF coil, and the desired
imaging parameters are selected. Data acquisition and
reconstruction for this coil then proceed exactly as if only
a single mouse were imaged. However, signal is also
acquired from the additional coils and their respective
mice. As these coils are located at positions correspond-
ing to frequencies beyond the Nyquist limit of the
single-mouse FOV, data are aliased in these images and
may appear wrapped across image edges as opposed to
being properly centered. The aliasing is described
precisely by the mouse position in the bore, such that
coils displaced by a non-integer multiple of the FOV
produce images in which the mouse appears off-center for
a Cartesian acquisition. A simple phase correction of the
acquired data based on coil position can be used as a
routine part of the reconstruction to correct aliased
images. Alternatively, Cartesian data acquisitions can be
empirically ‘‘cut-and-pasted’’ together after image
reconstruction by unwrapping image data about an
appropriately selected origin. These changes represent
only minor modifications to the reconstruction procedure.
Similarly, potential distortions due to gradient nonlinear-
ity at the periphery of the coil array can be mapped and
then corrected during image reconstruction, analogous to
practices standard on clinical MRI systems (23). Hence,
MMMRI permits multiple channels of data acquisition
during the acquisition of a single-mouse image without
time costs or sacrifices in image quality.

MMMRI is sufficiently flexible that nearly all MRI
sequences can be modified for use in high-throughput
studies; individual RF events in a pulse sequence simply
need to be parallelized. Some limitations apply to
two-dimensional MMMRI sequences because of the
common gradient; slices in different mice must be strictly
parallel. This may provide satisfactory results for some
studies (as, for instance, in the cancer study by Bock et al.
(24)), but the possibility of postural differences between
mice introduces a distinct preference for three-
dimensional isotropic imaging. In any case, the pre-
ference for three-dimensional imaging seems to be a
general trend even for single-mouse imaging systems; this
trend is in part due to post-acquisition analysis methods
for several images, which are improved by isotropic data
independent of whether images were collected in series or
in parallel. There is even a growing use of isotropic
three-dimensional imaging with phased array and
sensitivity encoding in human imaging because it allows
easier acquisition and more flexible retrospective analysis
(25). Thus, in general, sequence design is not hampered
by MMMRI methods.

Implementation of MMMRI was recently validated
using a dedicated 7 T scanner (26). Quality of individual
images was compared carefully to ensure equivalency.

Parameters that might differentially affect MMMRI
images, such as gradient linearity, B0 field homogeneity
and RF coil isolation, were measured, corrected where
necessary, and determined to be sufficiently homo-
geneous across the bore so as to permit quantitative
comparison of images in different coil positions.
Simultaneous acquisition of seven in vivo mouse images
and 16 fixed-mouse images was demonstrated. Image
quality in multiple-mouse images has been shown to
be equivalent to a single-mouse image acquired by the
same protocol. An example MMMRI dataset is provided
in Fig. 2, where six fixed mice were imaged simul-
taneously.

Volume coil hardware

The RF receive coil is the single largest factor influencing
SNR in MRI experiments, and hence coil selection is
critical for mouse imaging experiments. Birdcage coils
offer a convenient geometry because they may be placed
coaxially with the bore of the magnet for easy loading and
unloading of mice. To optimize SNR performance, the
coil diameter should be chosen as small as possible while
matching the homogeneous RF region to the size of a
mouse. A many-rung birdcage coil design is advan-
tageous, as the homogeneous region fills a larger fraction
of the coil volume. Our system uses the MillipedeTM coil
(27) (Varian Inc., Palo Alto, CA, USA), which includes
hundreds of rungs and extends the homogeneous region of
the coil to fill most of the interior coil diameter. In
addition to coil diameter, coil length must be matched to
the region of interest. We have two millipede coil arrays,
with 40 and 110mm longitudinal FOVs. The shorter coil
set, appropriate for imaging in the brain, heart, lung or
other isolated organs, was measured to have a twofold
higher SNR than the longer coil set, which is designed for
whole-body imaging applications.

InMMMRI, it is also important to shield coils from one
another to avoid ghosting between imaging channels. A
cylindrical RF shield placed coaxially with each RF coil
is the simplest geometry. Although alternative shield
shapes have been described (18), a cylindrical shape has
the advantage of flexibility in packing geometry and ease
of construction. With proper shielding, nearly complete
isolation between channels can be achieved so that
images are ghost free, in spite of the close proximity of
other samples.

Mouse handling hardware

Although there is little or no time cost associated with the
prescription and acquisition of MMMRI images, mouse
preparation still requires individual handling. To mini-
mize the effect on multiple-mouse imaging efficiency, we
have built custom hardware for the processes of mouse
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preparation and positioning within the coil (28). A recent
version of this hardware is indicated in Fig. 3. Mice are
anesthetized simultaneously in a large induction chamber
with iris ports which allow access for mouse handling.

Within the chamber, mice are each prepared individually
and then placed in centrifuge tubes that mount on a
loading array. The loading array slides along rails into the
bore and positions each centrifuge tube snugly against

Figure 2. MMMRI data acquisition in fixed mice. Images of the
abdomen of six fixed mice were acquired simultaneously in a single
overnight scan session. In (a), an axial slice through each of the
datasets is shown. In (b), orthogonal sagittal and horizontal slices
are shown from an individual mouse, indicating the three-
dimensional nature of the data acquisition in each of the six images.
The images were acquired with a three-dimensional spin-echo
pulse sequence (TR/TE¼600/14ms; matrix¼ 300�270�270,
30� 27�27mm FOV; 12 h 10min total scan time).

Figure 3. MMMRI hardware for mouse preparation. In (a), a mouse loading array, also
shown on the left in Fig. 1, is shown docked into the induction chamber, where mice can
be prepared under anesthesia before imaging. As part of the preparation, mice are placed
on the mouse sled shown in (b), which incorporates devices for monitoring heart rate,
respiratory events and temperature. Sled photo courtesy of Dazai Research Instruments.
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nose cones which deliver gaseous anesthetic to each
mouse. Loading of seven mice with this system can be
achieved in approximately 24min. This corresponds to
only 3.5min per mouse, an average time significantly
faster than can be achieved by serially preparing and
loading individual mice.

Physiological monitoring of mice during in vivo
imaging must be parallelized as well. Obtaining high-
quality physiological signals becomes particularly critical
in motion-gated MR sequences. As setting up physio-
logical monitoring can be time consuming, mouse sleds
have been designed that incorporate non-invasive
electrocardiography (ECG), temperature and pneumatic
respiratory probes as shown in Fig. 3b (Dazai Research
Instruments, Toronto, Canada). Physiological monitoring
can thus be achieved by simple placement of themouse on
the sled (after chemical hair removal at ECG sites on the
mouse chest). The sled is designed to slide into the
centrifuge tube with the mouse and includes electronic
leads to transmit physiological data from the sleds out of
the MR scanner. Physiological signals can then be
displayed, stored for later processing, or used for gating as
desired with appropriate monitoring equipment (built for
us by SA Instruments, Inc., Stony Brook, NY, USA).

IN VIVO IMAGING WITH MMMRI

Mouse imaging requirements

The in vivo evaluation of disease in the mouse is the most
attractive benefit of mouse MRI in biomedical research.
Ideally, all of the sequences used in human MRI,
including various anatomical, diffusion, functional, cine,
quantitative and other specialized imaging methods, also
need to be available for live mouse imaging. This not only
permits direct comparison of human disease manifes-
tations with mouse models, but also greatly expands the
measurements currently available for mouse phenotyp-
ing. The implementation of many sophisticated imaging
sequences has already been reported in the mouse,
including diffusion-weighted and diffusion tensor ima-
ging (29–32), dynamic cardiac imaging (33–38), magne-
tization transfer imaging (39–41), and functional MRI
(42–47) among others. The successful application of
these sequences suggests that, for the most part, clinical
imaging experience can be translated to mouse appli-
cations with few limitations.

In addition to analogs of human studies, several
opportunities are uniquely available to mouse imaging.
The mouse provides an excellent model for the
development of novel contrast agents and the design of
molecular imaging methods (48,49). For example,
transgenic mouse models of Alzheimer’s disease have
been used for research into amyloid-specific contrast
agents (50,51). Alternatively, some contrast agents can be
used in mice, but will remain unavailable in human

studies because of toxicity. Manganese is a pertinent
example that highlights active transport of calcium in
functioning neurons (52–56). Another example is the use
of modified genetic expression that generates contrast on
MR images and continues to be expressed by all progeny
cells (57,58). These opportunities in mice, although not
necessarily intended for translation to human clinical
applications, have important implications for treatment
and diagnosis of disease and consequently motivate
continued development of in vivo mouse MRI. Each of
these mouse imaging sequences must also be available for
high-throughput MMMRI.

Significant efforts to eliminate motion artifacts are
required for in vivo mouse MRI, as in clinical MRI.
Physiological motions in the mouse are much faster than
in the human (600 bpm heart rate compared with 70 bpm
in the human). In some cases, such as neuroimaging,
motion artifacts can be eliminated with simple restraints.
In general, however, artifact-free images require more
sophisticated methods. In the human clinical experience,
the gold standard for eliminating physiological motion
artifacts is prospective cardiac and respiratory gating
often including breath-holding. These methods have been
successfully implemented in the mouse as well (59)
(although obviously without breath-holding), but are
clearly inappropriate for multiple-mouse acquisitions. An
alternative gating strategy amenable to MMMRI is
required.

Retrospective gating for multiple-mouse
cardiac MRI

As physiological motion such as heart beats and
respiratory events do not occur simultaneously in multiple
animals, a gating technique that accommodates asyn-
chronous motion is required for MMMRI. Various forms
of retrospective gating developed originally for human
cardiac imaging provide candidate methods (60,61). In
principle, any method that permits the parallelization of
gating signal acquisition and does not rely on real
time adaptation can be implemented in multiple mice.
Techniques dependent on peripheral physiological
monitoring devices such as ECG and respiratory pillows
are MMMRI-compatible, as physiological data can be
collected and stored from each mouse independently.
Similarly, self-gating methods or navigator echo tech-
niques that detect motion directly from MR data are
appropriate. In either case, reconstructions in a motion-
gated MMMRI acquisition are performed independently
with the processing, sorting and/or discarding of data
tailored for each mouse.

Retrospective gating for cardiac imaging has been
recently demonstrated in mice (62). In a single mouse,
retrospectively gated images were found to be of
comparable quality to prospectively gated images.
Extension to MMMRI in three mice demonstrated the
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acquisition of three separate cardiac cine images with
10 phases per heart cycle and 200mm in-plane resolution.
Cardiac images in multiple mice were of equivalent
quality to identical scans run in a single mouse
(Fig. 4), demonstrating the practicality of gatedMMMRI.

In vivo whole-body imaging

With the success of gating in single and multiple mice, it
is interesting to consider the prospect of whole-body
imaging in mice. In the human population, whole-body
imaging has been proposed as a means of screening
cancer patients for evidence of metastases or even
healthy individuals for early detection of pathology. It can
be achieved by translation of the patient bed through the
homogeneous region of the gradients during image
acquisition. In contrast, in whole-body mouse imaging,
the entire mouse can be accommodated in a single RF coil
with no need for subject or table movement. Particularly
with MMMRI, where the homogeneous region of the
gradient set is large relative to the size of a mouse, little
modification is necessary to the gated-imaging protocol
described in the above section. Whole-body mouse
imaging has important applications in biomedical
research for screening in cancer studies, chemical
mutagenesis studies, and fat distribution or other whole-
body characterizations. We have recently acquired
retrospectively gated MMMRI fast spin-echo images of
three whole mice at 200mm isotropic resolution in 2 h.

FIXED AND EX VIVO IMAGING
WITH MMMRI

Fixed-mouse imaging

In addition to supplying in vivo assessments of mouse
phenotype, MRI can be used for three-dimensional
specimen imaging in biomedical research (63,64).
High-resolution, isotropic images can be acquired in
specimens owing to the absence of physiological motion
and the potential for long scan duration. In addition, MR
measurement of tissue properties difficult to achieve in
the limited scan time available in vivo can be achieved
ex vivo with much finer detail. Notably, this includes
measurement of fiber orientation with diffusion tensor
imaging (65–69). These long ex vivo specimen scans can
be conveniently run in ‘‘overnight’’ scan sessions with no
impact on scanner resources during daytime hours.
Furthermore, MRI is non-destructive so that it does not
preclude later examination by traditional histological
methods (70).

In addition to increased scan duration, two additional
means of improving MRI efficiency are available for
ex vivo scans. First of all, specimens can be prepared for
imaging with high concentrations of contrast agents in
order to considerably shorten longitudinal relaxation
times. This permits shorter sequence repetition times and
hence more rapid data acquisition. Secondly, excised
specimens can be placed in dedicated small-sample
solenoid coils, entailing a substantial increase in SNR.
Even with these improvements, however, biological
studies requiring many images still necessitate efficient
use of scan time and hence the throughput benefits of
MMMRI remain beneficial. A brief description of these
methods is provided below in the context of multiple
sample imaging. A more exhaustive treatment of ex vivo
imaging is provided elsewhere in this issue.

Specimen preparation

The chief advantage of MRI is that three-dimensional
imaging can be achieved while tissue remains in its
natural conformation. Imaging measurements should
reflect as faithfully as possible the in vivo status. This
must be kept in mind when preparing specimens for MRI.
Preparation protocols should be designed to preserve the
original tissue status to the greatest extent possible. In this
aim, ‘‘minimally invasive’’ fixation procedures have
been described. For whole-body fixation, cannulation of
peripheral blood vessels (71) or ultrasound-guided
catheterization of the left ventricle (72) provides excellent
means of delivering fixation agents while preserving body
integrity. A high concentration of contrast agent, typically
a gadolinium chelate, is included in the perfusate to
shorten longitudinal relaxation time and/or improve
image contrast. With these protocols, high-quality,

Figure 4. MMMRI cardiac acquisition with retrospective
gating. An axial slice through the heart taken from isotropic
rectilinearly acquired datasets is shown in three mice imaged
simultaneously withMMMRI. Retrospective gating was used,
and 10 phases of the heart cycle were generated (four are
shown). The bottom row shows mouse 1 imaged in a single
acquisition. Reprinted from reference (62) with permission
from John Wiley & Sons, Inc.
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high-resolution images of the entire mouse have been
acquired.

If only a single organ or portion of the body is of
interest, then it is beneficial to excise the specimen and
image ex vivo. Even in this case, however, it is desirable to
maintain the original tissue conformation as much as
possible. A fixation procedure that leaves supporting bone
structure intact is one means of limiting potential
distortions. The brain, for instance, can be left in the
skull during fixation and imaging. Interestingly, the free
distribution of contrast agent may be hampered by this
protocol, particularly in the brain, where circulating
contrast agent does not cross the blood–brain barrier
during the standard fixation procedure. As a result,
longitudinal relaxation times remain long, and scan
efficiency is adversely affected. Therefore, it is advan-
tageous to soak the brain and skull in a solution with
gadolinium contrast agent for several days in order to
permit diffusive distribution of the contrast agent (69). At
the end of this period, fixed-brain images can be acquired
both in situ and with a high concentration of contrast

agent. Similar procedural modifications may be
applicable for other organs or specimens.

MMMRI solenoid coil array

Although imaging of whole-body specimens can be
performed in the volume coils previously discussed,
dedicated small-sample solenoid coils provide improved
SNR efficiency for small specimens. In their simplest
form, solenoids with equal rung spacing can be wound on
a threaded screw. Improved B1 field homogeneity is
achieved by reducing rung spacing towards each end of
the coil (73). As image quality in MMMRI must be
uniform in all coils, the reproducibility of coil fabrication
is critical for MMMRI applications. To ensure repro-
ducible production of solenoid coils with non-uniformly
spaced rungs, we designed a custom manufacturing
device depicted in Fig. 5a. The coils produced by this
device accommodate 13-mm sample tubes, which can

Figure 5. Multiple-specimen imaging. Reliable production of solenoid coils with variable rung
spacing is facilitated by a dedicated device with notched teeth prescribing the rung spacing as
shown in (a). Rung spacing is decreased at each end of the coil to improve B1 field homogeneity.
Three of these coils fit in a specimen array (b), which fits within a 60-mm bore. RF shielding
between and around the coils permits tight coil spacing with minimal cross-talk between
channels. In (c), three sample brain images (acquired in situ with the skull intact) are shown.
Images were acquired with a fast-spin echo sequence with parameters including: TR¼325ms,
TE¼ 8ms, 6 echoes, TEeff¼32ms, 6 echoes, NEX¼4, FOV 14mm� 14mm�25mm, acqui-
sition matrix of 432� 432�780, and 32-mm isotropic resolution. Total imaging time was 11 h
34min.
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hold specimens as large as the mouse brain and skull
(after removal of extracranial tissue).
As in MMMRI with birdcage coils, RF shielding is

required to isolate neighboring solenoid coils. The same
style of cylindrical copper shielding onMMMRI birdcage
coils can be used for solenoids as well. However, the axis
of the shield would have to be perpendicular to the coil
axis, an arrangement that is not ideal for packing or
loading of the coils. An alternative configuration is
therefore desirable. For this reason, we have constructed a
small 60-mm outer-diameter, three-coil specimen ima-
ging array (74) as depicted in Fig. 5b for use in an insert
gradient. In this case, RF shielding is provided with
40-mm copper sheets glued around the interior of the
outer wall and along planes between the solenoid coils,
completely encasing each coil. This multiple-solenoid
array is used routinely at our laboratory for simultaneous
acquisition of three 32-mm isotropic images in overnight
scan sessions (11.5 h scan duration). Examples of three
brain images are provided in Fig. 5c.

MMMRI data analysis

If the imaging acquisition is appropriately streamlined,
then the most time consuming part of mouse imaging
studies becomes data analysis. With images from many
different mice in any given study, a focus on efficient,
grouped analysis methods is necessary. A series of mouse
images in one or more experimental groups must be
considered together and compared against a group of
control images. To avoid bias and missed findings, the
analysis procedure should be systematic and thorough. In
this regard, mouse imaging has more in common with
several large-scale, disease-specific human studies
(10–17,75) than with clinical radiology. In these cases,
hundreds of patients were imaged and their data pooled
for computational analyses. The sheer number of images
in these studies prevents meaningful analysis by manual
observation. Similar analyses are appropriate for data
processing in mouse studies. Fortunately, the genetic, and
corresponding phenotypic, homogeneity in the mouse
greatly reduces the number of subjects required in most
mouse studies. Nevertheless, any portion of the analysis
that can be performed computationally is likely to speed
up results and reduce laborious manual efforts.
It is consequently advantageous to automate much of

the analysis procedure. Although each type of imaging
study requires some level of customization, there are
several steps that are common to most studies. With
three-dimensional datasets from many mice, the first step
is to identify corresponding regions of anatomy between
images. On a voxel-by-voxel basis, this can be achieved
by automated image registration. Several packages
(76–78) designed originally for analyses of human
images are available for this purpose and apply equally

well to mouse images. It is convenient also to define a
representative and unbiased ‘‘average’’ image for each
group of mice. An initial average image can be estimated
by intensity averaging of images linearly aligned in an
unbiased fashion. The estimate is refined with iterative
nonlinear registration at progressively finer scales as
described by Kovacevic et al. (79). The resultant average
image can then be used as a basis for visual comparison
with other groups of mice, while computational
comparisons continue to include all images in the dataset.
Group comparisons may be based on size, shape or
volume of anatomy, mean voxel intensity in regions of
interest, or other extractable image parameters. Signifi-
cance can be established statistically by comparing the
differences between groups to the variability within
groups.

Anatomy, although one of the more intuitive bases of
comparison, can be challenging to implement quantitat-
ively. Deformation fields produced by the registration
of individual images to the average image encode
morphological differences and biological variability.
For volumetric comparison of individual structures, these
deformation fields may be used to transform a single
segmentation (of the average image) to all individuals in
the study. The resulting volumes of segmented structures
can be compared across individuals. Alternatively,
quantitative comparison can be made directly from the
deformation fields themselves. Differences in the average
deformation field between groups represent shape
changes and can be quantified statistically by a variety
of methods, such as the Hotelling’s T2 field (80), which
conveniently accommodates the vector nature of the
deformation fields. Differences in size can be calculated
with the determinant of the Jacobian matrix, which
provides a measure of local changes in volume. As this is
a univariate measure, statistical significance can again be
assessed with a variety of methods, including Student’s
t test. The collective use of these methods has recently
been reported by our group as an efficient means of
automated image comparison for routine neuroanatomi-
cal phenotyping studies (81). The process is illustrated
schematically in Fig. 6.

This sort of an analysis has been used by our laboratory
for the neuroanatomical characterization of normal and
mutant mice. Interestingly, a study of the neuroanatomi-
cal variation within a single mouse strain shows
remarkably low levels of variability (79), but significant
differences can be detected between mouse strains (82).
Mice with mutations have also been compared. A mutant
model of oculodentodigital dysplasia, for example, shows
an altered brain shape, apparently accommodating a
change in skull shape (81,83). Multiple mouse image
analysis also contributed to describing the phenotype of
cerebellar-deficient folia mice by detection of significant
size changes in the cerebellum, inferior colliculus,
ventricles and olfactory bulb (84). Several additional
examples will be published shortly.
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It is illustrative to consider one mutant mouse study in
more detail. We present, as an example, the ‘‘bobbing
head curly tail’’ mutant mouse. This mutant mouse was
recently generated by chemical mutagenesis and has a
phenotype closely resembling the ‘‘loop-tail’’ (Vangl2)
mutant (85). To assess possible neuroanatomical pheno-
types, a set of six heterozygous mutant mice were
imaged in vivo. Image data from four wild-type littermate
mice were also acquired. To increase the size of
the control group, these images were supplemented with
16 additional wild-type mice from other litters to yield a
control group of 20 mouse images. Figure 7 shows the
average control and average mutant images generated
from this dataset and the corresponding analysis results.
Inspection of the mutant images suggested hydrocephalus
in the third and lateral ventricles (as indicated by green
and red arrows respectively). The calculation of the
average Jacobian confirmed local volume increases in
these regions (Fig. 7g). Volume increases in the third
ventricle were statistically the most significant changes.
The lateral ventricles, on the other hand, showed a high
degree of variability in the mutant group as indicated in
Fig. 7h. This variability was significantly larger than the
control group. Total ventricle volume, as determined by
segmentation, indicated the same trends, with an increase
in both ventricle volume and variability in the mouse
mutant population (Fig. 7i). Phenotypes of this kind,

which show either variable penetrance or severity,
complicate detection of significant differences between
experimental groups and motivate the use of larger
numbers of mice. High-throughput methods such as
MMMRI are consequently essential to these studies.

DISCUSSION

The data described in this paper were collected using a
dedicated 7 T MMMRI scanner. Although this arrange-
ment permits a high level of customization, MMMRI
need not require a dedicated system. Indeed, the original
demonstration of MMMRI was on a modified clinical
scanner (18). As resources permit, clinical MRI scanners
could be easily converted for mouse imaging in off-hours.
A compact ‘‘multiple-mouse insert’’ could be constructed
on a patient bed and moved in and out of the MR room as
required. This insert could include a high-performance
insert gradient and a resident multiple mouse coil array
with an anesthetic system. On the basis of the time
typically required to switch between a full-bore gradient
and an insert gradient, switching between human and
mouse imaging could be achieved routinely in 15–20min.
With widespread interest in dedicated insert gradients for
head and extremity imaging, insert gradients of this kind
are already available. Alternatively, high-performance
clinical gradients could be used with no switching.
Likewise, with sensitivity-encoded imaging standard on
modern clinical systems, multiple transmitters and
receivers along with associated image reconstruction
software are also widespread. The only custom hardware
required for conversion of a clinical scanner to a mouse
imaging system is thus the mouse RF coils and an
anesthetic system. Where a clinical scanner is available,
this represents a much lower start-up cost and initial
period of development than would be required for a
dedicated system.

At present, MMMRI has been implemented with
volume transmit/receive coils, for the whole mouse, the
mouse head, the mouse thorax or individual specimens.
Although this represents a good starting point, much is to
be gained from more sophisticated coil arrangements.
Clinical imaging, as an example, has come to depend on a
number of application-specific coils and coil arrays for
most examinations. These dedicated configurations
provide tremendous improvements in spatial and/or
temporal resolution. The same trend in coil technology
is inevitable in mouse imaging. The increased sensitivity
of receive-only surface coils and coil arrays, with an
independent volume transmit coil, will provide enhance-
ments to image quality. These improvements are equally
available to MMMRI and single-mouse MRI. The
extension to multiple mice is an interesting case. One
could imagine multiple mice, with multiple coils for each
mouse requiring 100 or more receive channels. Given the
number of channels available on many modern commercial

Figure 6. Multiple image dataset analysis flow chart.
Images are processed by image registration to create an
unbiased average of both the control and mutant groups.
Iterative nonlinear registration refines the average and yields
deformation fields describing the differences between each
individual and the average. For the evaluation of mutant
anatomy, these deformation fields can be compared directly
to assess shape changes or used to calculate Jacobian fields
to assess size changes. Statistical maps can be generated
from both of these fields to highlight the regions of most
significant change accounting for population variability.
Thresholds of statistical maps can be set by various methods
parametric or nonparametric methods.
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MR systems, such multiple-coil arrays for multiple-
mouse applications are becoming feasible. However, in
practice, the need to manage the cabling for such a
system efficiently and to flexibly change the number of
coils or number of mice suggest that such parallel
MMMRI configurations will require another generation
of receive hardware based on USB (86) or wireless coil
technology (87) with a scalable modular design.
Of particular interest to several types of study,

including cardiac imaging studies and in vivo anatomical
studies where motion artifacts must be eliminated, is
gradient performance. There is a clear trade-off between
bore size and gradient strength. For the purpose of
achieving high spatial and temporal resolution, the

gradients should be specified to image as fast as possible.
This means using a high slew rate and strong gradient
fields. On the other hand, to accommodate large
biological studies, the gradient bore should be large to
accommodate as many RF coils as possible. Unfortu-
nately, as the bore gets larger, the gradient strength is
inherently weaker. The MMMRI system used in the
experiments for this paper accommodates as many as
19 mice, but is ill-suited for rapid imaging. A better
compromise between these two demands can be reached.
For instance, a gradient coil with 200mm inner bore
diameter, 450mT/m amplitude and 1800mT/m/ms would
fit 8–10 of the 50-mm outer-diameter birdcage coils from
our current system yet still permit rapid cardiac imaging

Figure 7. Neuroimaging results in a mutant mouse generated by chemical mutagenesis. Images
of six heterozygous ‘‘bobbing head curly tail’’ mice were acquired with an in vivo fast-spin echo
sequence (TR¼900ms, TE¼ 12ms, TEeff¼ 36ms, 40� 24�24mm FOV, and 384� 208�208
matrix, total scan duration 2 h 45min). These mice were compared with a pool of 20 control
images (consisting of littermate controls of several different mutants in the same mutagenesis
program). Horizontal, axial and sagittal images are shown for both the control average (a–c) and
mutant average (d–f) images. Red arrows and green arrows indicate hydrocephalus at the lateral
and third ventricles. Image analysis revealed significantly elevated Jacobian values at the third
ventricle (g). The Jacobianmap is shownwith a threshold set at a 5% false discovery rate. Elevated
Jacobian values at the lateral ventricles trended toward significance; however, high variability in
the degree of hydrocephalus at the lateral ventricles was also evident. This variability is demon-
strated in (h), where the Jacobian variance ofmutant data is shown as a ratio with the control. The
variance ratio overlay is shown in regions where it exceeds 2.8 (corresponding to p<0.05).
Manual segmentation of the average images with transformation to each of the individuals
allowed ventricle volume to be assessed directly and confirmed the trends indicated by
the computational analysis. In (i), ventricle volume in mutant mice was significantly increased
comparedwith the 20 control mouse dataset (p¼ 0.0003) the subset of four ‘‘bobbing head curly
tail’’ littermate controls (p¼0.05). Error bars indicate standard deviation of ventricle volume.
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applications. Advanced MMMRI configurations of this
kind can be expected in the future.

The cardiac gating methodology described here used
physiological monitoring from external devices. This is a
straightforward way of utilizing data from the physio-
logical monitoring already necessary during the imaging
experiment. However, even in human imaging, gating
based on ECG and other signals can be problematic,
particularly in cases of cardiac or respiratory disease. This
continues to motivate development of MRI techniques in
which gating can be achieved directly fromMR data with
the aim of more accurately detecting physiological
motions that affect MR images. These techniques are
also applicable in mouse imaging. The acquisition of
additional signals such as navigator echoes must be
limited, however, because mouse MRI is generally
signal-starved. Improved coil technology may help in
this regard. Alternatively, recent techniques for self-gated
imaging have been reported that derive motion infor-
mation direct from imaging data (88–90). This may prove
to be a preferable alternative, particularly for MMMRI.

The efficient comparison of images in large biological
studies will be critical to MMMRI in particular but also to
mouse MRI as a whole. Although the basic features of the
multiple-mouse analysis presented here are likely to
remain a common theme, many improvements to
automated and semi-automated data analyses will be
tremendously beneficial. Needed are whole-body image-
registration techniques that incorporate realistic joint
articulation, independent organ motion based on inter-
digitated segmentation and registration, and automated
shape and texture analysis of organs. Additional analysis
techniques that would be beneficial include: statistical
models for controlling error when making millions of
comparisons; automated registration in the presence of
large intensity changes; and techniques taking into
account a time dimension for dynamic contrast enhance-
ment and motion characterization. Fortunately, these
areas of mouse MRI analysis have much in common with
image processing within and outside the MR community.
The growing importance of image processing for both
clinical and research applications ensures that this will
remain an active area of development. Thus, progress in
other areas will also contribute to mouse MRI appli-
cations.

CONCLUSIONS

With the ability to modify genes in the mouse, scientists
have gained tremendous control of experimental con-
ditions and an improved ability to decipher the role of
genes in human disease and development. Tools for
assessment of physiology, behavior, anatomy and other
parameters as a function of genetic alterations are
fundamental to the design and outcomes of these studies.
The need to observe anatomical and functional changes

in vivo in soft tissues throughout the body motivates
growth in mouse imaging. The mouse MRI technology
reviewed in this paper enables larger, more powerful
biological studies and thus permits a more prominent role
for mouse MRI in biomedical research. In this capacity,
mouse MRI stands to make major contributions to our
understanding of mouse genetics and disease pathology,
which in turn will provide new avenues for the
understanding and treatment of human disease.
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