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ABSTRACT: With the enormous and growing number of experimental and genetic mouse models of human disease, there is

a need for efficient means of characterizing abnormalities in mouse anatomy and physiology. Adaptation of magnetic

resonance imaging (MRI) to the scale of the mouse promises to address this challenge and make major contributions to

biomedical research by non-invasive assessment in the mouse. MRI is already emerging as an enabling technology providing

informative and meaningful measures in a range of mouse models. In this review, recent progress in both in vivo and post

mortem imaging is reported. Challenges unique to mouse MRI are also identified. In particular, the needs for high-

throughput imaging and comparative anatomical analyses in large biological studies are described and current efforts at

handling these issues are presented. Copyright # 2005 John Wiley & Sons, Ltd.
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INTRODUCTION

The mouse has become the most popular mammal for
biomedical research. This is not only a result of its small
size and rapid life cycle – which make the mouse more
economical and convenient than larger animals – but also
because of the development of genetic information and
manipulation technology for the mouse. With data in
hand from the human1 and mouse2 genome projects, a
wealth of information is available about the genes that
define them. The extensive genetic similarities2 between
the mouse and the human make the mouse an excellent
model for understanding common developmental pro-
cesses and pathologies in the human. Individual genes
from the mouse can be altered, deleted or replaced
through targeted genetic manipulations.3 Additional
genes can be added through the expression of transgenes.
Combining these genetic tools with the array of manipul-
able environmental factors allows tremendous flexibility
in experiment design. This provides an unprecedented
level of experimental control for interrogating the
complex relationships between genes, environment,
organism development and mechanisms of disease.

Ultimately, for insight gained from the laboratory
mouse to improve our understanding of the human and
positively influence the course of human diseases, accu-
rate models of these conditions in the mouse must be
developed. For this reason, large-scale efforts are under
way to identify and study models of human diseases in
the mouse. Several strategies have been implemented for
the production of mutant mice. In cases where particular
genes are already implicated, targeted genetic alterations
may produce realistic models of the human condition.
Alternatively, efficient and less labor intensive means
exist to mutate the mouse genome and subsequently
screen for phenotypes directly related to the human
disease of interest. Chemical mutagenesis by agents
such as N-ethyl-N-nitrosourea (ENU), for instance, can
produce large numbers of random point mutations.4–6

Such random mutagenesis techniques offer full genome
coverage and rapid means of unbiased genetic screening.
Intermediates between random and targeted techniques,
most notably gene-trap insertional mutagenesis, have
also been implemented.7,8 The importance of mouse
models generated by each of these methods cannot be
overestimated. Even in cases where a disease model can
be induced by experimental procedures, such as xeno-
graft models of cancer or surgically induced infarctions,
the sensitization or protective effect of a genetically
modified background provides valuable insight into the
mechanisms of disease or potential therapies. Indepen-
dent of the particular disease or experimental model,
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it is paramount that investigations include systematic
observation and characterization of mouse phenotype
for meaningful comparisons between experimental
groups.

We define here a phenotype as an observable anatomi-
cal, biochemical or functional state of an individual. The
goal of mouse phenotyping is therefore to answer the
question, ‘what is different about this mouse compared
with some standard mouse?’ This difference is the result
of the ensemble of genetic and environmental conditions
that influence each mouse’s development. A thorough
understanding of a mouse phenotype and its correlation
to similar human conditions is the research question of
primary interest in the search for experimental models of
human disease. The observation of identified phenotypes
under controlled experimental conditions may provide
fundamental insight into the mechanisms of disease
processes or appropriate treatments. Phenotypic informa-
tion regarding anatomical structure or function may need
to be compared or tracked over time, perhaps in both the
presence and absence of different pharmacological agents
or treatment regimens. Description and quantification
of mouse phenotype are critical to these experimental
designs.

With this definition of a mouse phenotype, many of the
diagnostic techniques from clinical medicine can also be
applied in the mouse. These include the imaging tools
that have become critical in the diagnosis of human
conditions. Magnetic resonance imaging (MRI) in parti-
cular permits the assessment of disease state throughout
the body, guiding therapeutic decisions and evaluating
responses over time. Existing imaging protocols allow a
range of both structural and functional information to be
drawn from imaging data sets. Similar information is
required in characterizing and identifying abnormal
mouse phenotypes. Consequently, biomedical research
centers throughout the world are adapting human MRI
techniques down to the scale of the mouse.

In spite of some challenges, MRI is well suited to scale
in size from human to mouse imaging. The major
challenge is obtaining images with comparable signal-
to-noise ratio (SNR) and resolution as human clinical
scans but at the mouse scale, where voxel dimensions
must be decreased by a factor of 10–15-fold in each
dimension. Several modifications to scanner hardware
and imaging protocols are commonly implemented to
offset the loss in SNR accompanying this decrease in
scale. The design and construction of specialized mouse
radiofrequency coils greatly increase the sensitivity to the
MR signal and represent the single largest recovery in
SNR. Additional gains – at least linear with resonance
frequency – are seen in moving to higher field strengths
(up to as high as 17.6 T9). Any remaining SNR deficit
can generally be recovered by increasing the scan dura-
tion, which is well tolerated in anesthetized mice up to a
maximum of �3 h. With these modifications, high-qual-
ity mouse MR images can be obtained very reliably.

This review is intended to give the reader a current
perspective on the adaptation of clinical MRI to biome-
dical research in the mouse. Emphasis is placed on the
variety and types of phenotyping that can be achieved by
MR methods. The paper is organized into several parts.
The first section is dedicated to recent experimental
progress and developments in mouse MRI with regard
to phenotyping techniques. This section largely high-
lights the successes in adapting human MRI protocols –
clinical and research – to the mouse scale. It is subdivided
into several smaller sections: anatomical imaging; func-
tional imaging; high-resolution fixed mouse imaging;
cancer studies; and MR spectroscopy. Some of the MR
challenges unique to mouse imaging in biomedical re-
search are also considered. These areas include increas-
ing image throughput and analyzing anatomical images
from multiple-mouse data sets. Throughout, the review
has been restricted primarily to mouse imaging, focusing
on studies of development and disease in genetically
modified mice and the technical achievements aimed at
enabling such studies.

RECENT PROGRESS

Anatomical imaging

The anatomical visualization of soft tissue has long been
a great strength of MRI. This continues to be its most
valuable clinical role. The ability to ‘see’ the state of
tissue or to assess the extent of disease is of critical
importance. This is also true in mouse MRI, where the in
vivo visualization of tissue allows for quantitative com-
parison between control and experimental groups and also
for monitoring over the course of longitudinal studies.
The flexibility of MRI in generating differential contrast
– both endogenous and contrast agent induced – can be
used to great advantage for the emphasis of various
anatomical features or pathologies of interest.

One of the most popular murine organs to be studied
anatomically is the brain. This follows the initial focus of
clinical MRI on the human brain and reflects the im-
portance and difficulty of assessing brain diseases in the
human population. Fortunately, the brain is one of the
easier parts of the mouse to image as motion artifacts can
be largely eliminated by the use of head restraints.10–12

This allows very high-resolution imaging through effi-
cient use of extended scan durations. High-resolution
scans, preferably three-dimensional and isotropic, are
critical if delineation of small structures is required.13

Figure 1, for example, demonstrates improvements in
visualization of brain structure with increasingly isotro-
pic three-dimensional voxels.

Anomalous shape, appearance or volume of brain
structures is commonly indicative of abnormal develop-
ment or disease state. Comparison of mutant and control
mouse anatomy reveals the effect of altered genetics and
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hence can be used to assess mouse phenotype. Imaging
studies can be supplemented and coordinated with related
functional or behavioral studies. For example, a de-
creased hippocampal volume and associated cognitive
impairments (as measured by an eye blink conditioning
experiment) have been demonstrated14 in mice overex-
pressing amyloid precursor protein (APP), a model of
Alzheimer disease. These measures accurately reflect the
human condition both anatomically and behaviorally,
suggesting this is a good model for studying disease
development and possible therapies. In fact, transgenic
mouse models continue to be critical to our developing
understanding of Alzheimer disease and MRI can play an
important role through non-invasive assessment. How-
ever, in other cases, MR images of mutant mice may
uncover phenotypes that appear inconsistent with the
human disease or show unexpected abnormalities. This
has been the result with the fragile X knockout mouse15

(modeling fragile X syndrome) and the dy/dy mouse16

(modeling merosin-deficient muscular dystrophy) as ex-
amples, which fail to show the expected hypoplasia in the
cerebellar vermis and MR changes in periventricular
white matter, respectively. These anatomical differences
are important in understanding the pathogenesis of both
human and mouse disease. In addition to comparing
between groups of mice, tracking changes longitudinally
enables an assessment of disease evolution. For instance,
the volumes of several brain structures have been
monitored over time in a mouse model of megence-
phaly,17 revealing that increased growth in this model is
largely restricted to particular brain structures and be-
comes evident in early disease stages at 8 weeks and
onwards. Temporal evaluation of the mouse phenotype by
MRI thus allows the investigation of events throughout
progression of disease.

In addition to genetic mouse models, experimentally
induced models of human diseases have been established
in the brain and elsewhere. We note that while some
of these models – particularly surgically induced models
– are more easily performed in larger animals such as the
rat, the genetic manipulation tools available in the mouse
make it an attractive system. For example, certain ge-
netically modified animals, such as the apolipoprotein E
knockout (ApoE�/�) mouse, are more sensitive to surgi-
cally induced cerebral ischemia.18 A preliminary study19

has temporally monitored neurodegeneration in this
model by measuring atrophy on MR images and compar-
ing with control mice. Such studies will allow an im-
proved understanding of the role of genetic interactions in
non-heritable diseases and similar experimental models.
Likewise, investigations of viral infection in the mouse
are also of great interest20–25 as lesions can be observed
longitudinally using MRI.23 This approach has been used
in the study of herpes simplex virus.20–22,25 Interestingly,
in this model, in vivo MRI shows progression of MR
signal abnormalities despite improvement of clinical
symptoms and low viral load,21 indicative of secondary
mechanisms of tissue damage. Future studies including
the use of genetically modified mice may shed light on
these secondary effects and improve recognition and
treatment of equivalent human conditions.

In all of these studies, different MR contrast may be
used to highlight the anatomy or pathology of interest.
While T1- or T2-weighted images are most common, alter-
native sequences allowing more detailed quantitation or
alternative endogenous contrasts such as magnetization
transfer,26 T1�

27,28 or others29 have also been successfully
applied to the mouse brain. Mouse models prove valuable
in assessing the diagnostic utility of such techniques. As
an example, quantitative mapping of parameters such as

Figure 1. Improved visualization of brain structures with reduction of through plane
partial volume effects as demonstrated by Natt et al.13 Top: T1-weighted 3D MRI images
of the mouse brain in vivo with decreasing voxel size from left to right. The voxel size
decreases from 117� 117�938mm to 117�117� 469mm, 117�117� 234mm and
117�117� 156mm. Bottom: magnified views showing the (1) corpus callosum, (2)
external capsule, (3) fimbria hippocampi, (4) hippocampal formation and (5) medial
habenular nucleus. Reprinted from Reference 13 with permission from Elsevier
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T1 or T2 may be more sensitive to subtle differences than
imaging alone. Subtle changes in T2 distinguish trans-
genic models of Alzheimer disease.30,31 These measures
may become more commonplace in mouse phenotyping
than in human diagnostics since mouse populations are
genetically homogeneous and exhibit a smaller popula-
tion variance. Other techniques finding particular utility
include diffusion-weighted imaging. Diffusion tensor
imaging (DTI) in particular provides important insight
into the local tissue state. Shiverer mice, for instance,
which lack myelin basic protein, have an increased water
diffusion perpendicular to the direction of fiber tracks in
the brain32 consistent with the expected absence of
myelin. Studies of altered diffusion in models of cerebral
ischemia33,34 and Alzheimer disease35,36 have also been
used in tracking regions of brain damage and assessing
the extent of brain disease.

Exogenous contrast agents may likewise be used to
advantage in the study of the anatomy of the brain.
Notably, manganese (typically in the form of MnCl2), a
T1-shortening contrast agent generally unusable in human
studies owing to toxicity, has become important in mouse
imaging. Manganese is a calcium analog and is taken up
through the same channels. It is tolerated in low doses37

and differentially stains specific cell layers and anatomi-
cal regions. In particular, regions of the cerebellum,
hippocampus and olfactory bulbs and also the pituitary
gland, pineal gland and choroid plexus enhance signifi-
cantly.38–40 An example mouse brain image is provided in
Fig. 2. Alternatively, small amounts of manganese can be
injected at a site of interest and allowed to transport along
axonal tracks. Imaging then highlights the connectivity
within the brain.13,41,42 Other contrast agents are de-
signed with specific targets. Development of contrast
agents to detect amyloid plaque burden43,44 – difficult
to achieve with endogenous contrast45–47 – is one exam-
ple shown in Fig. 3. Preliminary work in this area has
focused on studies in transgenic APP mice and has
obvious research and clinical applications. Mouse models
provide a means for preclinical trials of such agents and

are especially suited to test targeted, disease-specific
contrast agents which may subsequently be used to assess
human treatment or progression studies.

One particularly active area of contrast agent develop-
ment at this time is aimed at the magnetic labeling and
tracking of cells. This technology will have important
implications for monitoring cell therapy or investigating
the role of migrating cell populations in disease devel-
opment. Several experiments in the mouse have reported
observation of labeled cells for studies in the brain,48,49

spine,50 pancreas,51 spleen52 and heart.53 Research aimed
at the development of these contrast agents as well as
cell-labeling strategies continues.54–58 Additional flex-
ibility is available to research applications by use of
genetically modified cells and animals. For instance,
iron-regulating genes can be modified to promote selec-
tive accumulation of endogenous iron59 or specific re-
ceptors can be expressed and used in combination with
antibodies conjugated to MR contrast agents.60–63 It is
possible that such genetic manipulation will permit not
only cell tracking but also MR visualization of gene
expression. These significant developments will broaden
the role for MRI in biomedical research, but are not
considered in further detail here.

Other parts of the body or indeed the whole mouse can
also be studied by MRI. Whole-body studies to date
include quantification of fat distribution64 with the aim
of elucidating genetic origins and improving treatments
of obesity. Smaller scale imaging of the kidneys,65–67

the spinal cord,68 the knee joints69,70 and even the
mouse adrenals71 has been performed. A good example
of one of the more challenging pathologies to assess in
the mouse is atherosclerosis. The small size of mouse
blood vessels and the rapid heart rate generally neces-
sitate both high-resolution imaging and motion
compensation techniques such as prospective gating.
The prevalence of human vascular disease, however,
motivates a large effort in developing effective means
of assessing and understanding related mouse models.72

An important model in these studies is the ApoE�/�

Figure 2. High-resolution (100�100�100mm), T1-weighted three-dimensional
manganese-enhanced MRI of the mouse brain as demonstrated by Silva et al.37

Transverse (left), coronal (middle) and sagittal (right) views, showing contrast due to
the presence of Mn2þ in regions such as the hippocampus (CA3 and DG), pituitary
gland (Pit) and its major lobes (APit, IPit, PPit), cerebellum (CEB) and olfactory bulb (OB).
Reprinted from Reference 37 with permission from John Wiley & Sons, Inc.
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mouse. Using this model, several studies have established
the potential of MRI to detect atherosclerotic lesions.73–76

The development of atherosclerosis has been monitored
longitudinally in the mouse aorta;77,78 atherosclerosis can
be observed beginning at about 20 weeks in these mice
and progression can be observed through arterial wall
remodeling.77 Successful detection of atherosclerosis
has also been demonstrated in other relevant mouse
models79 and in a variety of blood vessels79,80 (see
Fig. 4). Good correlations with more traditional histology
methods have been observed,73,74,81 thus supporting the
utility of MRI in future longitudinal genetic and treat-
ment studies.

Detailed volume measurements or observations of
morphology from anatomical mouse MRI are powerful

in vivo assessments of developmental abnormalities or
the extent of disease. Straightforward quantification and
comparison of multiple experiment groups in biomedical
research studies can be accomplished in this manner.
Imaging protocols can be kept simple and efficient. For
this reason, mouse MRI will have a growing role as a tool
for the visualization of anatomical structures and pathol-
ogy in the characterization of individual mutants and in
large-scale screening projects.

Functional MRI

MRI not only provides for anatomical visualization, but
also allows a number of functional studies. The data

Figure 3. Detection of A� plaques with in vivo MRI and targeted contrast agents.
Following injection of Gd–DTPA–A�1–40 with mannitol, in vivo T�

2 -weighted MR
images (TE¼15ms, TR¼1.5 s, 78� 78�250mm, 59min imaging time) show A�
plaques in a 6-month-old APP/PS1-transgenic mouse brain. Arrowheads indicate A�
plaques that corresponded to stained plaques in histology sections. Image courtesy of
Wadghiri et al.44 Reprinted from Reference 44 with permission from John Wiley &
Sons, Inc.

Figure 4. In vivo MR visualization of athersclerosis in low-density lipoprotein-deficient
(LDLR�/�) mice as demonstrated by Hockings et al.79 In (a), plaque deposition in the
innominate artery is visible by MRI using an FSE sequence with fat suppression. The white
box indicates the corresponding region in the histological section (b). The innominate
artery (ia), trachea (t) and left carotid artery (lc) are labeled in (b). The scale bar indicates
500mm. Reprinted from Reference 79 with permission from Lippincott, Williams &
Wilkins
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collection and analyses are often more complicated in
functional imaging experiments, particularly since anes-
thetic effects may be a confounding factor.82 However,
the additional information allows the scientist to assess
more thoroughly how genetic alterations or disease may
affect the whole animal. Many functional assessments
depend on hemodynamic responses, including measure-
ments of perfusion, blood flow and blood oxygenation.
Cardiac functional measurements take on a different
form, with measurements of performance typically de-
rived from the motion of the heart through a dynamic
sequence of images covering the entire heart cycle.

Several functional imaging techniques are designed to
monitor hemodynamic responses. These include studies of
perfusion, cerebral blood volume (CBV) or flow (CBF) and
blood oxygenation level-dependent (BOLD) effects. Dis-
eases where blood supply or oxygenation levels are at risk
are therefore of particular interest. Again, studies of brain
diseases are the most frequent reports of these types in the
literature. Surgically-induced cerebral ischemia can be
monitored in this fashion and the dynamics of diffusion
and/or perfusion tracked and compared amongst mice with
the aim of improving therapeutic strategies.83–85 Altered
perfusion has also been reported in heritable diseases,
such as in the case of sickle cell disease where hypoxic
regions at risk of vaso-occlusion may be identified.86,87

Mutant APP mice are again an interesting case. Cerebral
blood volume reduction,88 compromised hemodynamic
response89 and flow disturbances90 have been monitored
by MRI; compromised performance is observed in aged
mice but not in young mice. Further study of the vascu-
lature by MR angiography and corrosion casts reveal
significant defects including vessel rearrangements and
substitutions that begin at about 7 months of age.90

Functional imaging of hemodynamic responses to
neuronal activation in the murine brain is also possible,
although the need to anesthetize mice during imaging
limits the possible experiments in mice compared with
humans. Nevertheless, studies have measured significant
BOLD or CBV effects in traditional fMRI experiments
using alternating blocks of sensory stimulation and rest
periods during light anesthesia. For example, regions of
activation in the somatosensory cortex have been exam-
ined by BOLD–fMRI with electrical somatosensory
stimulation of the hindpaw,91,92 as demonstrated in Fig.
5. Such studies can be implemented in transgenic animals
to study functional deficits. An age-dependent impair-
ment of a somatosensory response in transgenic APP
mice has been demonstrated93 with CBV–fMRI. Other
means of fMRI are also being evaluated, including
studies with pharmacological stimulation.94 One attrac-
tive alternative uses manganese to stain preferentially
regions of increased neuronal activity during repeated
performance of a task or exposure to a stimulus (with or
without anesthesia). Active regions can subsequently be
observed as enhancements on MR images where active
calcium channels have taken up manganese. Experiments

in the olfactory bulbs of mice have been successful at
delineating regions of the olfactory system sensitive to
particular odors in this manner.95 This presents a poten-
tially simpler and equivalent technique to fMRI methods
(which have also been tested in the olfactory system96).

Functional measurements of the heart are challenging in
the mouse. However, overcoming this challenge has
permitted not only functional heart measurements but
also imaging of atherosclerosis, coronary arteries97 and
other regions of anatomy prone to artifacts from cardiac
and/or respiratory motion. As the mouse heart beats at a
rate of around 500 bpm, fast gradient hardware and fast
sequences are required to compensate for these motion
effects. This can be accomplished with smaller, mouse-
dedicated gradient coils. Monitoring and triggering can
then proceed in a manner analogous to human cardiac
imaging. This permits very high-resolution imaging in the
mouse heart from which functional performance can be
assessed. In this fashion, normal development of the heart
can be monitored in mice from a very early age and
quantified longitudinally,98 as demonstrated in Fig. 6.

Likewise, the heart can be examined in various states
of disease. Experimentally-induced myocardial infarctions
are an example; detailed measurements of ventricular
mass, ejection fraction and wall thinning assess the effect
of the infarct and also subsequent ventricular remodel-
ing.99–103 Such measurements ideally require high-quality
three-dimensional representations of the beating heart,104

data difficult to obtain by any methods other than MRI.
Further assessment can be made by pharmacological stress
testing of the heart with an agent such as dobutamine; the
ability to increase cardiac output is lost in chronically
infarcted myocardium.105 Further studies of the effects of
genetic alterations on heart performance can be accom-
plished by the same techniques. For example, cardiac
deficiencies in ejection fraction and wall thickness have
been quantified in mice with a ventricular specific knock-
out of vascular endothelial growth factor A.104

Interestingly, cardiac functional studies of this kind
may also benefit from manganese-enhanced imaging
since manganese can be a marker of calcium flux in the
heart. Changes in cardiac function by increased or de-
creased inotropy after administration of dobutamine or
diltiazem, respectively, are accompanied by associated
larger or smaller signal intensity increases in the presence
of manganese.106 Similarly, alterations in signal enhance-
ments in the infarcted heart may reveal regions of viable
and infarcted tissue.107

Tagged cardiac imaging or other displacement encod-
ing techniques can also be performed in the mouse to
supplement standard cine imaging. In these studies, a
periodic signal-intensity pattern such as a grid is gener-
ated over the heart, allowing visualization of wall defor-
mation during myocardial contraction. Calculations from
the resulting images map parameters such as stress and
strain within the ventricular wall,108,109 parameters un-
available without myocardial tagging. Experiments have
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successfully demonstrated dysfunction in the infarcted
murine heart both at the site of infarct and in surrounding
regions.110 The additional information from these tech-
niques complements analysis of cine images.

Functional measurements in mouse models are power-
ful means of quantitatively assessing the state of tissue in
mouse models of human disease. Although functional
imaging protocols are usually more complicated, the
measurements they provide non-invasively are often
not otherwise accessible. Functional imaging is therefore
likely to continue to have an important role in the
characterization of particular disease models and mon-
itoring of changes produced by therapeutic interventions.

High-resolution fixed mouse imaging

The resolution of in vivo imaging is limited by the length
of time that mice can be kept safely anesthetized and by
physiological motion during the imaging session.

Although hardware and pulse sequence developments
continue to improve image quality, three-dimensional
visualization is sometimes desired at higher resolutions
than can be achieved in vivo or over extended parts of the
mouse normally compromised by motion artifact. In
biomedical research, such images can still be achieved
by imaging mice post mortem following fixation. This is
particularly advantageous for imaging individual organs
ex vivo, but in fact the entire mouse can be well imaged
by this method. Such an imaging session can be added at
the conclusion of existing in vivo studies and offers
superior anatomical and morphological MR visualiza-
tions prior to or for the guidance of conventional histo-
logical analyses.

Embryonic imaging is a good example of the advan-
tages of MRI of specimens following fixation. Owing to
the small size and frequent motion of the embryo, it is
very difficult to image in utero by MRI methods.111,112

Imaging fixed embryo specimens can in contrast achieve
very high resolution.113,114 Dhenain et al.113 were thus

Figure 5. BOLD–fMRI in the mouse brain during electrical somatosen-
sory of the hindlimb. The time course of voxel intensity is shown in the
somatosensory regions (A) and in draining veins (B, C). Images are
courtesy of Ahrens and Dubowitz.91 Reprinted from Reference 91 with
permission from John Wiley & Sons, Inc.

MRI FOR MOUSE PHENOTYPING 453

Copyright # 2005 John Wiley & Sons, Ltd. NMR Biomed. 2005;18:447–468



able to create a digital atlas of the embryo with images
from 6 to 15.5 days post-conception. Resolution in these
images was as high as 20mm in the smallest embryos and
displays detail that cannot be obtained in vivo. In order to
achieve this resolution, scan times were as long as 37 h at
11.7 T. Example embryo images are provided in Fig. 7.

Similar motion challenges exist for in vivo DTI,
owing to the need to acquire diffusion-weighted three-
dimensional images in multiple directions and the inher-
ent aberrations due to organ motion. Initial DTI studies of
in vivo and fixed mouse brains indicate that, even though
absolute diffusion is substantially reduced by the fixation
process, relative indices such as the fractional anisotropy
and the radial and axial trace-normalized diffusivities
are conserved.115,116 Lengthy, fixed-mouse DTI studies
thus provide otherwise unattainable resolutions and
associated directional information. Postnatal brain
development in mice up to 80 days old has been mon-
itored and analyzed using ex vivo DTI.117 Individual
brain structures can be followed for changes in shape
and volume. Studies of mutant mice in comparison to
normal mice reveal regions of abnormal development,
such as dysmyelination in the Shiverer mutant.118 In
addition to studies in the brain, fixation has allowed
accurate DTI mapping of fiber orientation in the mouse
heart with implications for improved functional heart
modeling.119 Such a study would be impractical in vivo
in the mouse (although DTI in the beating human heart
has been reported recently120,121).

In addition to specimen and embryo imaging, large
regions of the mouse or even whole-body, adult mouse
images can be obtained following fixation. Imaging
whole mice in this fashion has been termed magnetic
resonance histology (MRH).122 MRH complements tra-

ditional two-dimensional histology with high-resolution,
three-dimensional detail over the entire mouse. Perfusion
fixation techniques have been developed that leave the
mouse anatomy almost wholly undisturbed,123,124 so that
in situ phenotype information can be derived from the
entire mouse. High concentrations of a gadolinium
contrast agent can be used in the perfusate to shorten
the T1 relaxation times of tissues for rapid gradient-echo
imaging so that very high-resolution imaging can be
conveniently run in an ‘overnight’ scanning session.
Alternatively, T2-weighted imaging can be based on fast
spin-echo pulse sequences and have been used for high-
resolution imaging in fixed mice at the Toronto Mouse
Imaging Centre. Such MRH techniques have also been
used to create ‘The Visible Mouse’123 shown in Fig. 8, a
non-destructive visualization of the entire mouse at
spatial resolution near 100mm isotropic.

Cancer studies

Cancer studies merit special mention owing to the large
number of studies in the literature and the important role
of MRI as a non-invasive readout. There is a clear need to
monitor tumor development longitudinally for progres-
sion or regression. Additionally, non-invasive appraisal of
the relative state of tumor blood supply and also regions
of viable or necrotic tissue greatly benefits longitudinal
cancer studies. MRI is a powerful means of addressing
these challenges.

Early cancer studies used subcutaneously implanted
xenograft tumors to model cancer in humans. This is
convenient because growth curves can be generated by
simple caliper measurements and localization is trivial.

Figure 6. Cine MR images at end diastole in 3-day (a), 3-week (b) and 5-week (c) old
mice. Short-axis images at a midventricular level are shown in (d)–(f). Images courtesy of
Wiesmann et al.98 Reprinted from Reference 98 with permission from The American
Physiological Society
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MRI contributes less to these studies as a result. Although
these tumor models are simple and less physiologically
realistic, they can be advantageous in MRI protocol
development studies. For example, radiographic scor-
ing125 and multispectral analysis126 techniques have
been designed in subcutaneous xenograft models for
differentiation of tumors into regions of viable tissue
and necrosis. MR images have also been used to identify
tumor regions and guide genomic analyses, yielding lists
of upregulated genes in tumor regions identifiable by
altered MR appearance.127 Techniques of functional
measurement in tumors can similarly be assayed and
developed in these models.128–130 In the light of recent
interest in anti-angiogenic therapies,131–134 imaging mea-
sures of tumor vasculature including contrast-enhanced
imaging protocols135–138 are candidates for development.

A more realistic model of cancer is obtained by
growing tumors in an appropriate tissue environment,
preferably orthotopically. Implanting xenograft tumors
deeper within tissues and organs throughout the body
means that they will only be accessible in vivo by non-
invasive imaging such as MRI. As mouse MRI techniques
have improved, the number of studies using MRI to

monitor orthotopic xenograft models has also grown.
Initial characterization of tumors in these models is
important. As in clinical experience, tumor appearance
on MRI varies. The presence of the growth factor
VEGFA, for instance, has been shown to alter the
appearance of human melanoma xenografts.139 This
may be advantageous, allowing inferences about the state
of tumor blood supply or regions of tumor viability
and necrosis. Similarly, tumor growth and morphology
can be highly variable even within the same tumor
model140 – this can likewise be a desirable feature as it
mimics the properties of human disease. Several exam-
ples of the characterization of tumor growth and/or
evaluation of therapies in orthotopic models of pancrea-
tic,141,142 bladder143–145 and brain140,146,147 tumors,
among others, have been performed with mouse MRI.
Functional MR methods for monitoring the vascular state
of tissue and angiogenesis are also important in these
models.148,149 In the GL261 glioma model, measures of
relative cerebral blood volume compare well with histo-
logical measures of vascular density,149 thus supporting
in vivo MR measures in future studies. Images of cancer
progression in this model are provided in Fig. 9.

Figure 7. MRI atlas of fixed mouse embryos at 11.5 (a and c) and 15.5 (b and d) days
post-conception (dpc). Sagittal (a and b) and transverse (c and d) sections are shown with
orange lines indicating the location of each section. The 11.5 and 15.5 dpc embryos are
collected with 19.5 and 39 mm isotropic voxels, respectively. Labels indicate the spinal
chord (1), the marginal layer (2) (bright ring), the dorsal roots (3) (lateral dark regions) and
the vertebral body primordium (4). Image courtesy of Dhenain et al.113 Reprinted from
Reference 113 with permission from Elsevier
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The study of spontaneously-developing murine tumors
may be the most accurate model physiologically for
understanding the disease processes of cancer. Hetero-
geneity in these models, including variable times of
tumor onset and growth rates, is representative of the
human disease but also poses challenges for analysis and
biological interpretation. The aim of imaging in these
studies is thus regular screening for detection of cancers
followed by longitudinal monitoring of their progression.
Mouse MRI can be used in this capacity. Initial studies
have been used to characterize murine tumor models and
compare them with the equivalent human cancer. One

study assessed the progression of prostate cancer in
transgenic mice; identification of a heterogeneous yet
persistent tumor development with variable times of
onset and cancer death is consistent with the human
disease.150 Similarly, initial studies of a knockout model
of gastric tumors151 and an ENU generated model of
colon cancer152 have been reported with tumor detection
and volume measurement by MRI. High-resolution, high-
throughput in vivo MR imaging aids in overcoming the
challenges associated with these experiments and will
allow for more complete studies of spontaneously devel-
oping murine tumors in the future.

Figure 9. GL261 glioma progression as revealed with in vivo MRI by Cha et al.149

Horizontal images from different mice at four time points are shown with precontrast
T2-weighting (upper panels) and post-contrast T1-weighting (lower panels). T2 signal
intensity is observed to be increasingly heterogeneous with time, whereas post-
contrast T1 enhancement is confined by 4 weeks to the tumor rim. Reprinted from
Reference 149 with permission from John Wiley & Sons, Inc.

Figure 8. The visible Mouse generated by three-dimensional MRI of a whole fixed
C57BL/6J mouse as described by Johnson et al.123 The image was acquired with an
isotropic array 256� 256�1024 with resolution 110�110�110mm. Coronal (top)
and transverse (bottom) images depict sections of the head (left), thorax (center) and
abdomen (right). Reprinted from Reference 123 with permission from the Radiological
Society of North America
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MR spectroscopy

While this review is intended to focus on mouse pheno-
typing by MR imaging, MR spectroscopy is another tool
for non-invasive assessment of mouse models. Similar
human-to-mouse scale challenges are present in MRS as
in MRI; volumes of interest are proportionately smaller
and well-resolved spectra become more difficult to ob-
tain. In addition to compounding existing time constraints
in MRS, which is already more time consuming than MRI
examinations, this may require specialized hardware such
as custom high-order shim coils.153 Much of the reported
work has been performed in the larger rat as a result.
However, the study of mouse models of human disease
and screening in random mutagenesis trials can benefit
from the development of ‘metabolic phenotyping’ in
addition to image based techniques.

There are many human MRS methods (see Ross and
Bluml154 for a review). Only some of these have been
adapted and used for localized in vivo spectroscopy in the
mouse. Single-voxel 1H MRS studies are the most com-
mon. They are frequently used in mouse models of brain
diseases to quantify levels of N-acetylaspartate (NAA)
and creatine (Cr) relative to choline (Co), but may also be
used in monitoring levels of glutamate and glutamine
(Glx), among other metabolites. Several mouse models
have been assessed by these techniques. A recent review
of in vivo MRS in neurodegenerative diseases155 provides
several examples including mouse models of amyo-
trophic lateral sclerosis and Huntington’s disease. In
other studies, mutant APP mice156 and PS2APP mice157

(expressing both APP and mutant human presenilin 2)
exhibit decreased levels of NAA and glutamate and
increased levels of taurine; this is consistent with similar
findings in human cases of Alzheimer disease.158 MRS
methods are also well suited to the monitoring of Cana-
van disease, a neurodegenerative disease characterized as
a deficiency in aspartoacylase and elevated levels of
NAA.159 Mouse models of this disease have been cre-
ated160 and preliminary research into genetic therapies
use MRS to monitor in vivo NAA levels.161 Models and
treatment of other inherited brain diseases studied by
MRS are also cited in the literature.162–166

Outside of the brain, in vivo studies have been performed
in the heart and skeletal muscle.167 These studies often
report 31P MRS data as a marker of energy metabolism,
which is remarkably well conserved across species from
human to mouse.168,169 Differences in metabolism in
myocardium between wild-type and transgenic mice
expressing bovine growth hormone – expected to have a
lower PCr to ATP ratio – have been demonstrated in
vivo.170 Other investigations have monitored the effects
of ischemia in the presence of mice overexpressing A3

adenosine receptors, showing improved preservation of
ATP and a protective effect.171 This kind of in vivo
metabolic study provides important insight into the process
of heart disease and potential therapies.

If in vivo measurements are not necessary, the data
drawn from individual samples in MRS studies can be
greatly enhanced. MRS may benefit even more from ex
vivo examinations than MRI in this regard. The ener-
getics in the heart can be studied surprisingly well in this
manner,172–175 although caution is warranted in interpre-
tation of these results.176 Hearts from genetically
modified mice may show either an increased177 or de-
creased178 sensitivity to ischemic injury. Mouse models
of Duchenne muscular dystrophy are an additional ex-
ample.167,174,179,180 In addition to the study of ex vivo
tissue, spectroscopy of biofluids can be used for screen-
ing and analysis of mice. This has the advantage that it
can be done without ill effect to the mouse and even
performed longitudinally if only small samples are re-
quired. A differential phenotype of two mouse strains has
been achieved on the basis of high-resolution 1H MRS of
urine, for example.181,182 More details on these techni-
ques have already been published.183

KEEPING UP WITH BIOLOGICAL STUDIES:
MULTIPLE MOUSE MR IMAGING

Although many of the techniques and developments in
clinical MRI can be scaled to the mouse, as highlighted
by the studies discussed above, it is important to recog-
nize that there are several unique challenges in imaging
mice for biomedical research. During any given day at a
clinical human scanner, individual patients arrive with a
selection of unrelated conditions that are each addressed
by a different battery of imaging protocols. Each patient
must therefore receive very specific attention. In mouse
imaging, however, the philosophy at the scanner is
different. A typical biological study requires N control
mice and another N affected mice to be imaged in an
identical manner so that results can be pooled and
significant information drawn from the comprehensive
data set. Within this data set, several types of images may
be acquired and then may also be repeated at subsequent
intervals to monitor progression. Furthermore, the power
of a study improves with larger N. Hence an enormous
amount of image data is typically collected and system-
atically processed. In mouse imaging, high-image
throughput and protocol efficiency is essential for biolo-
gical studies given typical constraints on MRI resources.
Mouse phenotyping relies on systematic and efficient
mouse image acquisition.

This philosophy shift to high-throughput, standardized
imaging necessarily forces a streamlining of the image
protocol. Running sessions one after another N-times
faster is an inappropriate solution given the physical
timing limitations in MRI, the need for high-resolution
data and/or the time series data in functional experi-
ments. An alternative solution is to run MRI sessions in
parallel on multiple mice using multiple-mouse MRI
(MMMRI). This solution was first described by Bock
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et al.,184 who examined the tradeoffs inherent in several
different imaging configurations. Alternative magnet
designs for dedicated MMMRI scanners continue to be
explored.185

The simplest MMMRI configuration to implement is to
use a large radiofrequency coil with an appropriate size
magnet and gradient to image several mice within the
same field-of-view. As many as 17 mice have been
imaged in vivo in this fashion on a standard clinical
scanner.186 Similarly, 32 fixed mouse embryos have been
imaged at high resolution by this approach in a 12 h
scan.187 Following data acquisition, post-processing is
required to separate individual mice from the combined
image. Although this technique is the most straightfor-
ward to implement – virtually any clinical scanner can be
used with little or no modification – degradation of image
quality as compared with an optimized single mouse
imaging configuration cannot be avoided.

An improved parallelization scheme is to supply an
individual RF coil for each mouse but continue to use a
common gradient coil. This maintains the sensitivity of
using small single-sample RF coils and, with the use of
shielding to isolate the individual coils, also allows the
imaging field-of-view to be reduced to the size of a single
mouse. Early demonstration of this technique on a 1.5 T
clinical scanner was presented in fixed mice.184 More
recently, a longitudinal cancer study demonstrated ima-
ging of seven mice at a time in a dedicated 7 T MMMRI
scanner.140 Sixteen fixed mice have also been imaged
simultaneously. This three-dimensional, isotropic resolu-
tion data set is presented in Fig. 10. Post-processing of
data sets in these studies requires individual reconstruc-
tion of each of the separate data sets. Additional field-
of-view unwrapping due to phase encode aliasing in off-
center samples may also be necessary; although phase
control in the receiver hardware could be used to acquire
the offset field-of-view directly on many MR scanners.
These processing steps are easily automated. Some mod-
ification to scanner hardware is necessary, most notably
an increased number of receivers and/or multiplexers
routing single RF transmitter–receiver pairs to multiple
RF coils. Fortunately, with the widespread use of SENSE
and SMASH, scanners with multiple receivers are be-
coming commonplace. If there are as many receivers as
mice, the only sacrifice over dedicated single mouse
arrangements is the reduced performance inherent in a
larger gradient.

The most complex MMMRI scheme implemented to
date uses an individual RF coil for each mouse and a set
of gradients sized for each mouse.188 Custom gradient
coils with a novel unshielded design are connected in
series and run in synchrony. In principle, this greatly
improves gradient performance over larger, full-bore
gradient sets and approaches the dedicated single mouse
coil case. This form of parallelization has been imple-
mented to image eight fixed mouse fetuses simulta-
neously. Post-processing may require taking into

account slightly different gradient strengths at different
positions. This configuration is the most difficult to
implement in that significant hardware modification is
necessary. Additionally, multiple gradient coil elements
occupy a significant volume in the homogeneous region
of the magnetic field, which reduces the degree of
parallelization achieved.

Independent of the technique of image parallelization,
mouse handling techniques and hardware must be devel-
oped to anesthetize and maintain the multiple mice over
the course of an in vivo scan, as is true in single mouse
MRI. These should likewise be parallelized to the extent
possible to improve efficiency. All of the mice for a given
scan session must first be anesthetized, attached to neces-
sary monitoring equipment (which usually requires shav-
ing and/or chemical hair removal) and placed in the

Figure 10. Multiple-mouse MRI data acquisition. In this
data set, 16 fixed mice were imaged simultaneously in the
same time required to image a single mouse. A slice through
the thorax is shown in (a) for all individual mice. In (b), an
individual mouse is surface rendered with cut-away planes
showing the high-resolution, three-dimensional and isotro-
pic nature of all 16 data sets
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magnet and coil. Throughout the imaging experiment, vital
signs must be monitored and adjustments made to maintain
body temperature as needed. Figure 11 shows some of the
handling hardware that we have implemented.12 With this
setup, as many as seven mice can be loaded for imaging in
less than 30 min. Furthermore, the process can be extended
to accommodate as many as 19 mice. Several alternative
hardware configurations for positioning10,11 and monitor-
ing189–192 have been reported for single mice. Mouse
handling hardware and protocols of this kind greatly
improve the efficiency of mouse MRI.

The entire MRI protocol and pulse sequence may also
require modification as a consequence of parallelization.
Ideally, one would like the flexibility of using any
existing human protocol when examining the mouse.
Several limitations may have to be considered, however.
First, the prescan in MMMRI needs to be streamlined.
Selection of specific slices of interest in multiple mice
may be difficult and/or time consuming. It is therefore
more time efficient to prescribe three-dimensional iso-
tropic images with retrospective selection of the anatomy
of interest. Interestingly, this may also become a strategy
in clinical imaging with highly parallel SENSE config-
urations.193 Second, in order to achieve the increased
resolution for mouse MRI, the minimum duration of

gradient pulses increases. This extra delay is compen-
sated for in dedicated mouse MR scanners through a
decreased bore size and increased gradient strength.
Finally, if there are fewer receivers than coils, extra
time in the MR pulse sequence must be allowed for
multiplexing of different RF coils. This dead time intro-
duces restrictions that may prohibit use of some very
rapid sequences. Within this context, we have presented
an optimized FSE protocol for multiple mouse ima-
ging.194 This protocol attains 100 mm isotropic image
resolution in multiple mice in vivo in 2 h 45 min of
scanning as presented in Fig. 12. In most anatomical
imaging experiments, pulse sequence design constraints
are not a significant limitation of MMMRI.

The various forms of functional imaging are more
difficult to parallelize, however. In these experiments,
repeated images must usually be acquired during or
following blocks of stimulus, contrast agent injections
and/or physiological triggers for gating. Conceivably,
some of these steps could be parallelized with hardware
and/or protocol development (e.g. parallel application of
electrical stimulus in fMRI). Perhaps the most challen-
ging of these examples is gated imaging. In the absence
of invasive cardiac pacing and intubation strategies, mice
heartbeat and respiration events are asynchronous and

Figure 11. An efficient MMMRI loading system as described by Dazai et al.12 In (a), a
loading array equippedwith anesthesia scavenging holdsmultiplemice in centrifuge tubes
and is slid down rails into the ‘mouse hive’, which holds up to 19 RF transmit–receive coils.
Mouse ‘sleds’ provide molded platforms for mouse positioning and on-board monitoring.
A cut-away view in (b) shows the docking of one mouse into its RF coil in the mouse hive
where isoflurane anesthetic is delivered by nose cone throughout the imaging experiment.
Reprinted from Reference 12 with permission from John Wiley & Sons, Inc.
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prospectively gated image acquisitions are impossible.
Acquisition of cine cardiac images for functional evalua-
tion of the heart is thus compromised in multiple-mouse
imaging configurations. One solution to this difficulty is
retrospective gating. Since cardiac and respiratory mon-
itoring of the mice is already a necessity even in ungated
imaging protocols, the only enabling hardware/software
developments required are the collection and storage of
these signals for each mouse. These physiological data
can then be used to reconstruct individually images gated
for each mouse using retrospective reconstruction tech-
niques. Initial proof-of-principle experiments in our
laboratory on a single mouse compare well with pro-
spective gating results in a single mouse at an increased
time cost, similar to the performance of retrospective
gating in human studies. Provided that the number of
mice imaged in parallel exceeds the time cost, a signifi-
cant efficiency advantage is still achieved. Development
of these types of parallelized functional imaging proto-
cols is ongoing.

If mouse MRI is to become a regular tool for biomedical
research, it must be efficient in its application. The studies
summarized here are means of producing an increased
mouse throughput by parallelization of the imaging pro-
cess. Before any studies are initiated, it is important to
assess the number of mice that will be required to obtain
satisfactory data. Large-scale screening experiments, pre-
clinical trials or other large N experiments are impractical
if long imaging sessions are required and only one mouse
can be imaged at a time. In this regard, parallelization of
image acquisitions represents an effective means of keep-
ing up with biological studies.

ANALYSIS OF MULTIPLE-MOUSE
ANATOMICAL DATA

Once a means of acquiring data for biological studies
has been established, analysis of the data becomes a
significant challenge. In some studies, such as in the

Figure 12. Coronal (left) and sagittal (right) slices from fast spin-echo MMMRI images
of four mice. Each three-dimensional image is 100mm isotropic resolution. Scan
duration was 2 h 50min
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case of certain functional or quantitative measurements,
a single scalar quantity of interest – the volume of a
particular structure or the ejection fraction in the heart
are examples – can be derived from individual images
and then compared between groups of mice or serially
over time. As comparisons across samples must be made
only in anatomically relevant regions, this process can
be greatly facilitated by image registration. Recent
implementations of such analyses include the registra-
tion of images in an Alzheimer disease model in order to
create an average T2 map, resulting in an improved
ability to distinguish local changes between experimen-
tal and control groups.195 Such data analyses can pro-
vide not only improved spatial information but also
temporal information. For example, DTI images of fixed
brains can be registered at various stages of early
development. The fractional anisotropy may then be
used to characterize normal brain maturation.196

In addition to scalar measures, the size and shape of
anatomy itself is often interesting for phenotype char-
acterization. However, in comparing normal and mutant
mouse anatomy, the three-dimensional nature of the data
must be maintained and evaluated over multiple images
and multiple experimental groups. Analysis of these data
sets thus requires representation of an ‘average’ anatomy
with an assessment of the associated normal biological
variation in local size and shape. An experimental group
of mice can then be compared against this average and
evaluated for outliers based on the established variability.
The production of this sort of variational atlas has been
reported for ex vivo mouse brains by our group.197 This
method uses registration and atlas generation algorithms

adapted from human studies.198 As a result of the genetic
homogeneity of subjects in mouse studies, very high-
resolution data can be maintained even in the average
image with the added benefits of improved SNR and
reduced levels of artifact. The low level of biological
variation within inbred strains also makes the identifica-
tion of outliers much easier. Figure 13 offers an example
of this averaging and atlas generation in the fixed mouse
brain, showing the sample non-linear deformation grid
for one of the mice that is required to form the overall
average.

These analysis techniques are also intended to analyze
in vivo and in situ data. We have recently collected in vivo
neuroanatomical data from several different mutant mice
generated from a random mutagenesis program in a
secondary screening capacity. Mice with behavioral con-
ditions or other symptoms that suggested possible brain
abnormalities were selected for scanning using normal
littermates as controls. Using the same analysis as for
fixed brains, we have thus far observed an abnormal
neuroanatomical phenotype in five of six heterozygous
or homozygous mutants. This important observation
suggests that anatomical abnormalities are important
indications of genetic disease and frequently correlate
with functional deficits. Figure 14 shows sample data of
an average control and an average mutant mouse with a
defect in the Gja1 gene. The deformations required to
produce the mutant brain from the control wild type are
overlaid on the mutant average as a vector field. This
mutant is a model for a rare human disease called
oculodentodigital dysplasia.199 Differences in brain
shape and size were observed, most notably in the

Figure 13. Non-linear deformation of fixed brains and generation of a population
average. The average is chosen as an intermediate between all of the images, avoiding
bias to a single member. Deformation fields (shown as a grid for one of the brains) map
each individual to the average and encode the population variability
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cerebellum and the forebrain. In this case the data set was
produced using a total of 10 mice, five mutants and five
controls. We have performed similar in vivo data analysis
in as many as 15 mice by similar methods. The volumes
of particular brain structures can also be assessed by this
method. In this case, the generation of a manually labeled
atlas needs to be performed once, but then the transfor-
mations between each individual and the atlas may be
used to measure volume differences between normal and
mutant groups. This greatly improves the efficiency of the
data analysis process necessary to characterize mutant
anatomy.

Sophisticated imaging and analysis techniques are
often required for the detection and quantification of
abnormalities in uncharacterized mutant mice. In some
cases, significant effort may be necessary in order to

customize existing registration and analysis protocols for
a particular application. However, the resulting auto-
mated analysis package enables accelerated analysis of
the many-image data sets typical to biological studies.
We have found this can be achieved using the equivalent
computing power of a single high-end workstation with
minimal operator input. Future studies aimed at discover-
ing, studying or comparing new mouse models to human
diseases will inevitably depend on the use and develop-
ment of these kinds of image analysis tools.

CONCLUSIONS

The needs to observe anatomical and functional changes
in vivo and to produce high-resolution three-dimensional

Figure 14. In vivo evaluation of an uncharacterized mutant. The average control image
is shown in (a). The average Gja1 mutant image is shown in (b) with an overlay of the
deformation fields required to map the control into the mutant. The vectors are at
2� scale
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visualizations have motivated a tremendous growth of
mouse imaging in recent years. Mouse MRI is an im-
pressive phenotyping tool enabling these studies. Many
of the significant developments in human clinical MRI
are being successfully transferred to small animal ima-
ging and mouse-specific imaging developments are emer-
ging. Extremely high-resolution scans of fixed mice also
complement the information available from in vivo scans
and traditional histology by offering superior three-
dimensional visualization over the whole mouse.

Advances in multiple mouse techniques with the asso-
ciated sequences and hardware are greatly increasing the
efficiency of mouse MRI and making larger, more power-
ful biological studies possible. Consequently, mouse MRI
is used increasingly in the study of mouse models of
human disease and promises to make significant contri-
butions in understanding mouse genetics and pathology.
A detailed understanding of the genetic factors in mouse
models of human diseases will revolutionize clinical
medicine in this century – the ultimate goal of mouse
phenotyping by MRI.
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