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Abstract: Impaired cognitive, memory, or motor performance is a distinguishing characteristic of neu-
rological diseases. Although these symptoms are frequently the most evident in human patients, addi-
tional markers of disease are critical for proper diagnosis and staging. Noninvasive neuroimaging
methods have become essential in this capacity and provide means of evaluating disease and tracking
progression. These imaging methods are also becoming available to scientists in the research laboratory
for assessment of animal models of neurological disease. Imaging in mouse models of neurological dis-
ease is of particular interest, owing to the availability of inbred strains and genetic manipulation tools
that permit detailed investigation of the roles of various genes and gene products in disease pathogene-
sis. However, the relative prevalence of neuroimaging abnormalities in mice exhibiting neurological
symptoms has not been reported. This prevalence has both theoretical and practical value because it is
influenced by both the sensitivity of macroscopic anatomical measures to underlying genetic and dis-
ease processes and by the efficiency of neuroimaging in detecting and characterizing these effects. In
this paper, we describe a meta-analysis of studies involving behavioral mouse mutants at our labora-
tory. In summary, we have evaluated 15 different mutant genotypes, of which 13 showed abnormal
neuroimaging findings. This indicates a surprisingly high prevalence of neuroimaging abnormalities
(87%) and suggests that disease processes affecting behavior generally alter neuroanatomy as well. As
a consequence, neuroimaging provides a highly sensitive marker of neurological disease in mice exhib-
iting abnormal behavior. Hum Brain Mapp 28:567–575, 2007. VVC 2007 Wiley-Liss, Inc.
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INTRODUCTION

Neurological diseases frequently manifest symptoms of
abnormal behavior or impaired motor control. Clinically,
these symptoms are of paramount concern—and often the
first to be recognized—because they negatively influence
social function and quality of life. However, observation of
these symptoms rarely constitutes a definitive diagnosis
and supplemental evaluations are routinely necessary. For
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suspected neurological diseases, additional examinations
often include functional and behavioral tests as well as
diagnostic imaging. In this manner, neuroimaging methods
have come to play an essential role in clinical decision-
making.
In addition to highlighting unusual pathological fea-

tures, neuroimaging results can demonstrate anatomical
and morphological abnormalities or changes that also pro-
vide important diagnostic information relevant to neuro-
logical diseases. Conditions with a chronic or progressive
time-course or diseases affecting developmental changes
are particularly likely to alter anatomical and morphologi-
cal features. Large-scale human studies of disease popula-
tions have revealed that imaging findings of this type are
often characteristic of individual diseases or disease proc-
esses. Examples include schizophrenia [Gaser et al., 1999],
Alzheimer disease [Jack et al., 1992, 1997], Huntington’s
disease [Aylward et al., 1997, 1998; Jernigan et al., 1991],
and attention-defecit hyperactivity disorder [Giedd et al.,
1994; Hynd et al., 1991]. Furthermore, symptoms detected
by neuroimaging can frequently be correlated with behav-
ioral manifestations of disease [Backman et al., 1997; Kwon
et al., 2003; Hohol et al., 1997; Zivadinov et al., 2001].
Importantly, this can provide researchers with insights
into disease pathogenesis, particularly in the beginning
stages of investigation.
Nevertheless, a detailed investigation of disease mecha-

nisms inevitably requires analyses of metabolic, biochemi-
cal, and genetic abnormalities. Thus, the study of neuro-
logical disease mechanisms is frequently based in small
animal models of human disease, where experimentation
with these parameters is possible. For investigations focus-
ing on the role of genes or gene products, mouse models
are generally preferred owing to the extensive set of
genetic manipulation tools already available for mice. The
use of genetically-modified mice allows observation of
disease progression or development in a genetically-
controlled environment and provides a means of experi-
menting with novel treatment regimens. However, it is
important that each new mouse model be thoroughly and
objectively characterized in order to detect significant phe-
notypes and establish the course of disease progression as
compared to corresponding human conditions. In cases
where comparable measurement tools for both mouse and
human exist, these processes are expedited. Consequently,
neuroimaging technologies are being adapted for preclini-
cal research in the mouse.
Mouse brain images can be acquired relatively quickly,

and then analyzed for detection or characterization of
abnormalities. Detected imaging phenotypes then serve
both as independent measures of disease status and as
guides for additional functional and histological tests. In a
similar fashion to population-based neuroimaging studies
in humans, comparisons of genetically-modified mouse
images with appropriate control images permits characteri-
zation of anatomical and morphological differences, which
can subsequently be attributed to genetic factors. Although

some phenotypes are evident by simple visual inspection,
more detailed, quantitative comparisons can be computer-
automated for detection of local changes in shape and size
through image registration [Collins and Evans, 1997;
Woods et al., 1998a, 1998b] and analysis of the resultant
deformation fields [Cao and Worsley, 1999; Chen et al.,
2006; Kovacevic et al., 2005; Nieman et al., 2006; Thompson
et al., 1997]. In inbred mice, where genetic variability is
tightly controlled, a relatively small number of subjects are
expected to be representative of the population, thus these
analyses are possible with fewer individuals. Like the clini-
cal experience, it is anticipated that anatomical and mor-
phological abnormalities will be particularly common in
models of neurological disease where behavioral deficits
are also apparent. However, the prevalence of neuroimag-
ing findings in mice exhibiting behavioral impairments has
never been established and, hence, the likelihood of
obtaining imaging findings in these mice is not known.
Establishing this prevalence would clearly be beneficial to
investigators characterizing new behavioral mutants. Of
more fundamental interest, it would also provide prelimi-
nary indications of the sensitivity of neuroanatomy to
underlying changes in gene expression, metabolism, and
biochemical status as well as the efficiency of neuroimag-
ing in detecting neuroanatomical abnormalities.
With the aim of determining the relative frequency of

neuroimaging correlates to neurological disease, we have
performed a meta-analysis of neuroimaging investigations
performed at the Mouse Imaging Centre (Toronto,
Canada). We included all studies in which the heritable
mouse mutant was reported to have behavioral or motor
symptoms suggestive of neurological disease-ranging from
subtle learning impairments to severe disability in daily
activities. Each of these mutants was evaluated separately
for imaging phenotypes.

MATERIALS AND METHODS

Mouse Models

In this investigation, we considered all neuroimaging
studies that occurred between October 2003 and December
2005 at the Mouse Imaging Centre (Hospital for Sick Chil-
dren, Toronto, Canada). Of these studies, we selected the
subset that included all heritable mouse mutants reported
to have behavioral symptoms suggestive of possible neuro-
logical disease. Mutant mice in which symptoms could
be explained by non-neurological abnormalities were
excluded. Mutant mice were generated by various meth-
ods including random mutagenesis, targeted gene modifi-
cation, transgenic gene expression, and spontaneous muta-
genesis. In each case, studies were initiated collaboratively
for the purpose of phenotype discovery or in the aim of
evaluating neuroimaging sensitivity. A complete list of
mice and their associated symptoms and genetic informa-
tion is reported in Table I. In each case, a group of mutant
mice of a particular genotype was compared against a sim-
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ilar group of littermate control mice in order to assess pos-
sible neuroimaging phenotypes; the numbers of mutant,
and associated control mice are also indicated in Table I.

Imaging Protocols

Several imaging protocols and preparation methods
were used and are described in detail later. The four MRI
protocols (I–IV) are listed in order of increasing prepara-
tion complexity. Associated with the increased preparation
effort are improvements in image resolution and, typically,
increased total imaging time. As a general rule, the in vivo
protocol (I) is preferable for high throughput exploratory
or screening studies, for longitudinal studies, as well as
any case where particular mice are needed for additional
tests or observation. When higher resolution is desired
than can be achieved in vivo, one of the fixed specimen
protocols is beneficial and can detect more subtle pheno-
types or quantify phenotypes with greater precision. In
these cases, we have come to prefer protocols II or IV,
which limit fixation distortion by leaving the brain in the
skull. The micro-computed tomography protocol is listed
last (V), but should be considered to have comparable
preparation complexity to protocol III. This protocol is
optimized for ex vivo visualization of brain vasculature
[Bentley et al., 2002].
All MR imaging was performed with multiple mouse

MRI [Bock et al., 2003, 2005] on a VarianINOVA console
(Varian NMR Instruments, Palo Alto, CA). In this tech-
nique, several mice are imaged simultaneously in the same
gradient set using multiple radiofrequency coils. This
increases image throughput and reduces the overall scan
time required for each individual study. Protocols I
through III used a 290 mm inner bore diameter gradient
set (Tesla Engineering, Storrington, Sussex, UK) with
120 mT/m maximum amplitude and 870 ms rise time. Pro-
tocol IV was implemented with a 60 mm inner bore diam-
eter insert gradient (Magnex Scientific, Yarnton, Oxford,
UK) with 1000 mT/m maximum amplitude and 150 ms
rise time.

Imaging Protocol I

For in vivo brain images, mice were anesthetized with
vaporized isoflurane (Baxter Corporation, Toronto, Can-
ada) and then imaged with one of two 3D imaging sequen-
ces. In the first case, fast spin-echo images were acquired
on a cartesian matrix with image parameters: TE/TR ¼
12/900 ms, effective TE ¼ 36 ms, 8 echoes, two averages,
field-of-view 40 � 24 � 24 mm3 and matrix size 384 � 208
� 208 for a voxel resolution of 104 � 115 � 115 mm3, and
an imaging time of 2 h 45 min. The excitation tip angle
was set to 408 [Nieman et al., 2005]. In the second case,
manganese-enhanced MRI was used with a spin echo ac-
quisition. Mice were injected intraperitoneally with 20
mg/kg of manganese chloride [Lin and Koretsky, 1997;
Pautler and Koretsky, 2002] (Aldrich Chemical Company,

Milwaukee, WI) 48 h prior to imaging. Image parameters
included TE ¼ 8–10 ms, TR ¼ 300 ms, two averages, field-
of-view 40 � 20 � 20 mm3, and matrix size 256 � 128 �
128 for a voxel resolution of 156 mm isotropic and an
imaging time of 1 h 50 min.

Imaging Protocol II

For fixed mouse and specimen imaging, we used an
ultrasound-guided (VisualSonics, Toronto, Canada) fixation
protocol described previously [Zhou et al., 2004]. Briefly,
the mouse was anesthetized and an IV catheter (0.62 mm
diameter) and needle were used to puncture the left ven-
tricle. Perfusion of phosphate-buffered saline (PBS) and
heparin (10 units/mL) through the catheter was followed
by 10% buffered formalin phosphate (Fisher Scientific,
Nepean, Ont., Canada) with drainage via the femoral and
jugular veins. Each perfusate included gadopentetate
dimeglumine (Magnevist, Berlex Canada, Quebec, Canada)
at a concentration of 10 and 1 mM, respectively.
For in situ fixed mouse imaging, a multiple-mouse MRI

three-dimensional spin-echo sequence was used to acquire
images of the entire head. Sequence parameters included
TE/TR ¼ 36/550 ms, field-of-view 40 � 24 � 24 mm3, and
matrix size 512 � 300 � 300 for a voxel resolution of 78 �
80 � 80 mm3 and an imaging time of 13 h 45 min. An exci-
tation flip angle of 1408 was used.

Imaging Protocol III

Higher resolution images (60 mm) were achieved by
imaging of fixed brains ex vivo. In this protocol animals
were anesthetized with an overdose of Avertin (2.5%) via
intraperitoneal injection. Following mouse fixation as
described earlier, the heads were removed and left at
room temperature for 60 min. Brains were removed and
fixed for an additional 24 h in 4% paraformaldehyde
(PFA) in PBS at room temperature. Specimens were placed
into glass tubes filled with a proton-free susceptibility-
matching fluid (Fluorinert FC-77, 3M Corp., St Paul, MN)
for imaging. Two custom-built, 12 mm solenoid coils were
used to image brains in parallel. A three-dimensional spin
echo sequence was used with imaging parameters as fol-
lows: TR/TE ¼ 1,600/35 ms, one average, field-of-view ¼
24 � 12 � 12 mm3, and matrix size ¼ 400 � 200 � 200 for
a 60 mm isotropic voxel resolution. The total imaging time
was 18.5 h.

Imaging Protocol IV

An improvement to Protocol III was achieved with a
custom built array of 14 mm diameter solenoid coils con-
structed to fit within an insert gradient. In addition to
improved gradient performance, this configuration used a
slightly increased coil size and allowed imaging of the
brain within the skull, eliminating fixation distortions. In
this protocol, animals were fixed as described earlier and
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then decapitated. Preparation proceeded as described else-
where [Tyszka et al., 2006]. Briefly, flesh exterior to the
skull was removed and then the skull and intact brain
were soaked progressively through several solutions: a 4%
PFA bath for 4–5 h at 48C; PBS and 0.01% sodium azide
for 7 days on a nutator; and PBS with 2 mM concentration
of Prohance (Bracco Diagnostics, Princeton, NJ) for at least
7 days.
For the purposes of imaging, each skull was immersed

in Fluorinert (FC-77, 3M Corp.) within a plastic tube.
Images were acquired using a fast spin-echo sequence
with parameters: TE/TR ¼ 8/325 ms, TEeff ¼ 32 ms, ETL
¼ 6, four averages, field-of-view 25 � 14 � 14 mm3, and
matrix size 780 � 432 � 432 for a 32 mm isotropic voxel re-
solution and a total imaging time of 11 h 15 min [Hen-
kelman et al., 2006].

Imaging Protocol V

In one of the mutants, brain vasculature was of parti-
cular interest. In this case, imaging was achieved using
a specimen micro-computed tomography scanner (GE
eXplore Locus SP Specimen Scanner, GE Medical Systems,
London, Ontario). Mice were prepared in a manner similar
to the description in Protocol II. However, in this protocol,
no MR contrast agent was used. Instead, an initial perfu-
sion with buffered formalin was followed by perfusion
with a radiopaque silicone rubber (Microfil MV-122, Flow-
Tech, Carver, MA). The rubber was allowed to set for 90
min and then the brain was removed and placed in a fixa-
tive for at least 24 h. Prior to imaging, brains were sus-
pended in 1% agar. Three-dimensional CT data sets were
acquired with the X-ray source at 80 kVp (mean energy of
incident beam: 32.5 keV). Images were acquired in 2 h
with 720 views and reconstructed on a 20 mm isotropic
grid using the Feldkamp algorithm for cone beam CT
geometry.

Image and Statistical Analysis

Data analysis for each mutant study was performed in-
dependently. Consequently, different and evolving meth-
odologies were used. In some cases, severely abnormal
findings were obvious by visual inspection and further
analysis was considered unnecessary. For the rest of the
mutants, however, a more detailed comparison was neces-
sary or beneficial. In these cases, a control group of mice
and a mutant group of mice were imaged and then used
to create average image representations through a process
of image registration [Kovacevic et al., 2005]. Deformation
fields for each individual, representing the nonlinear
voxel-to-voxel displacements necessary to transform the
individual image to the average, were used for detailed
analysis. Several image analysis methods were imple-
mented on the basis of these deformation fields. In the first
method, the deformation fields were used to transform

manual segmentations of the average images to each of the
individuals. This permitted volumetric comparisons of
individual neuroanatomical features. The significance of
volume changes were determined by a Student’s t-test
of structure volumes [Bock et al., 2006]. In a second analy-
sis method, direct voxel-by-voxel comparison of the defor-
mation field magnitudes revealed differences in the
mutant model of Huntington disease (as determined by a
t-test). In the third and most common case, statistical maps
were derived to assess local changes in shape and size
[Nieman et al., 2006]. Direct comparison of the deforma-
tion fields was achieved by calculation of Hotelling’s T2-
fields, which permitted evaluation of shape differences.
Local size differences were determined by calculation of
the determinant of the Jacobian matrix and then signifi-
cance established with a Student’s t-test with multiple
comparison correction by the false discovery rate (Benja-
mini and Hochberg, 1995; Benjamini and Yekutieli, 2001;
Genovese et al., 2002). Alternatively, a nonparametric
Mann–Whitney U test of Jacobian data was implemented
for the Disc1 data sets.
In all cases, neuroanatomy for a mutant group was

declared abnormal only when one or more of the follow-
ing criteria were satisfied:

1. Individual mutants could be reliably distinguished—
either qualitatively or quantitatively—from controls
based on abnormal neuroanatomy from image data.
These assessments could be verified easily ‘‘by eye.’’

2. Comparison of segmented mutant and control images
revealed volumetric differences in a particular neuro-
anatomical feature that reached statistical significance.

3. Statistical maps, deformation field magnitudes, or Ja-
cobian fields derived from the deformation fields
showed significant differences between control and
mutant groups and could further be identified as a
change in shape or size of particular neuroanatomical
features.

RESULTS

The neuroanatomical phenotyping results are summar-
ized in the final column of Table I. Each mutant study is
provided with a description of the behavioral abnormality,
the imaging acquisition protocol, and any imaging find-
ings. Overall, 15 different imaging studies of behavioral
mutants were investigated and included in this evaluation.
Of these, 13 were demonstrated to have an associated phe-
notype by imaging methods. In this set of mice, therefore,
87% of behavioral mutants showed correlated neuroimag-
ing findings.
Imaging findings were established by several analysis

methods. Overall, three mutant genotypes showed imaging
phenotypes of sufficient severity that further analysis was
of limited interest. Four mutant phenotypes were detected
on the basis of segmented volumes. Of these, three were
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further evaluated by additional computational methods.
Finally, nine imaging phenotypes were detected by use of
Jacobian fields and statistical maps. The types of analysis
used for each mutant mouse genotype are indicated in
Table I.
Neuroimaging findings were localized to several differ-

ent regions of the brain. Specific examples are highlighted
in Figure 1. In most cases, imaging findings correlated in
severity or identified brain region to a primary behavioral
phenotype. As an example, the heterozygous wobbly
mutants show abnormalities in the cerebellum and corre-
sponding motor impairments. Both of these phenotypes
increased in severity in homozygous mutants. Addition-
ally, imaging findings in the Disc1 and Huntington’s dis-
ease mutants, for instance, show abnormalities consistent
with findings in human studies, notably including the cor-
tex and striatum, respectively. Findings of this nature sug-
gest a strong behavior–anatomy relationship.
In some instances, anatomical imaging findings were

identified that could not be directly related to a primary
behavioral phenotype. For example, two of the mutants
(the Cdf and sonic hedgehog pathway mutants) showed
significant decreases in the size of the olfactory bulbs as
compared to controls. Likewise, the Disc1 mutant showed
an unexpected decrease in the size of the cerebellum. Simi-
larly, some imaging findings were considered nonspecific
in that they could not be associated with a region of the
brain associated with any behavioral processes. These
cases leave an ambiguous behavior–anatomy relationship.
Hydrocephalus was the most noticeable of these findings,
and was observed in several instances (the bobbing head
curly tail, N-WASP, and sonic hedgehog pathway mutants
all exhibited hydrocephalus). These examples represent
neuroanatomical findings that do not appear directly asso-
ciated with existing behavioral phenotypes but are never-
theless correlated with them.

DISCUSSION

Interestingly, the 87% prevalence of neuroimaging
abnormalities in behavioral mutants as described in this
paper can be considered an underestimate. In this investi-
gation, five different imaging protocols were used for the
detection of possible abnormalities. The imaging protocols
were, however, focused solely on characterization of neu-
roanatomy. While this provides an excellent starting point
for analysis of mutant mice—particularly if no preliminary
information or hypotheses are available, more specialized
imaging methods may be better suited for detection of
many types of phenotypes. Methods that are available or
in development for the mouse permit angiography, molec-
ular imaging, functional imaging, nerve fiber tracking, or
other non-invasive and quantitative tissue characteriza-
tions. These measurements can be achieved with various
forms of MRI, X-ray CT, positron emission tomography,
single photon emission computed tomography, and ultra-

sound biomicroscopy. Since each imaging method is sensi-
tive only to certain phenotypes, the combined contribution
of these technologies would be expected to increase the
number of neuroimaging findings. In addition, further
improvements may also be possible by refinement of the
analysis methods, which necessarily limit comparisons to
select regions-of-interest in volume-based analyses or
make statistical assumptions about the data in deforma-
tion-based analyses. Alternatively, increasing the number
of imaging subjects would also increase the statistical
power of image analyses and permit detection of more
phenotypes. Hence, the prevalence of neuroimaging find-
ings in behavioral mutants could be even higher than is
suggested here.
Two mouse genotypes in this paper showed no neuroi-

maging findings. At present, other methods—including
histological examination—have also failed to detect abnor-
malities that account for the behaviors of these mice. Con-
sequently, it is not possible to predict whether an alterna-
tive imaging method would be more sensitive for detection
of abnormalities in these mice. If there are subtle neuroa-
natomical abnormalities present, a larger number of mice
may be sufficient to improve statistical power and enable
detection of a neuroimaging phenotype. On the other
hand, the prominent behavioral phenotype in these mice
could be caused by abnormalities outside the brain, a case
that should be considered relatively rare based on the
results presented here.
It is likely that the high prevalence of neuroimaging

abnormalities suggested by this data in mice is also pres-
ent in other species and particularly in humans. Certainly
the increased use of diagnostic imaging tools in the clinic
indicates the growing value of anatomical visualization in
clinical diagnostics. Already, characteristic neuroanatomi-
cal changes in several human diseases have been demon-
strated (Aylward et al., 1997, 1998; Gaser et al., 1999;
Giedd et al., 1994; Hynd et al., 1991; Jack et al., 1997).
However, it is important to note that the genetic homoge-
neity in studies of inbred mice presents a unique advant-
age that greatly improves the statistical power of mouse
studies. Results from a relatively small group of mice can
be meaningfully averaged together and then compared
with other groups. Limited anatomical variation in control
groups permits detection of finer differences in mutant
groups. Conversely, the ability to detect fine disease fea-
tures in humans or even in other laboratory animals is
hampered by a greater level of genetic—and correspond-
ing phenotypic—heterogeneity. Hence hundreds of sub-
jects may be necessary before subtle changes can be dem-
onstrated. It is thus expected that results in mice can be
achieved with fewer animals and increased efficiency,
while maintaining a high level of comparability to the
human disease case.
In the majority of cases we have observed, the nature of

the neuroanatomical phenotype appears related to or in-
dicative of a prominent behavioral phenotype. The pres-
ence of additional findings that were not anticipated from
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Figure 1.

Neuroimaging findings in mouse mutants. Selected mouse mutants

from Table I illustrate neuroimaging phenotypes and imaging pro-

tocols. In (a), an average control mouse image is shown with two

Jacobian overlays indicating local volume changes in the heterozy-

gous and homozygous wobbly mutants. Values greater or less

than unity in the Jacobian field represent growth or shrinkage,

respectively. Jacobian overlays in panel (a) are shown in regions

where P < 0.05 with white contour lines indicating P ¼ 0.002 (a

false discovery rate of 5% in the homozygous mutant). The aver-

age homozygous wobbly mutant image is also shown for refer-

ence and exhibits a small cerebellum. In (b), data from the EphB2

knockout study indicates an abnormality at the anterior commis-

sure (the posterior portion is absent). Jacobian data in the middle

image indicate regions where P < 0.003 (5% false discovery rate).

Panel (c) shows two sample micro-CT data sets as maximum in-

tensity projections. The cerebral ischemia mutant shows a striking

defect in vascular perfusion as compared to the control. Panels

(d) and (e) provide two examples of hydrocephalus. Three differ-

ent individual images from the sonic hedgehog pathway mutation

are shown (d) with massive expansion of the ventricles (shown as

hypo-intense regions). In panel (e), control and mutant averages

from the bobbing head study show more subtle ventricle expan-

sion (shown as hyper-intense regions). In this case, statistical com-

parison of the mutant Jacobian values to a set of 20 control mice

(four wildtype littermates supplemented with non-littermate wild-

types) shows expanded ventricles (regions indicate a 5% false dis-

covery rate) and increased variability at the lateral ventricles

(Jacobian variance ratio is shown in regions where P < 0.05). In

the final panel (f), regions of abnormality representative of the dis-

rupted-in-schizophrenia-1 mutants (Disc1) are shown as Jacobian

data overlaid on an average image (regions indicate P < 0.05 by a

Mann–Whitney U test). All white scale bars indicate 2 mm. Color

scales are indicated in panels (a), (b), (e), and (f) for the respective

overlays. Data were acquired with in vivo magnetic resonance

imaging (MRI) (panels a, d, and e), ex vivo specimen computed to-

mography (c), ex vivo specimen MRI (d), and in situ specimen MRI

(f). All MRI images are single slices from three-dimensional iso-

tropic data sets.



either genetic or behavioral observations underscores the
importance of a systematic and objective assessment of
mouse neuroanatomy. The discovery of these unexpected
findings can be very significant; it may lead to the discov-
ery of additional functional deficits or aid in the design of
improved behavioral tests. On the other hand, these ana-
tomical abnormalities may be indicative of co-segregating
traits or other incompletely understood genetic factors.
In either case, neuroanatomical findings from the entire
brain provide an important global and objective assess-
ment for the comprehensive evaluation of behavioral
mouse mutants.
To extract phenotypes from image data, it was necessary

in most cases to use a computational means of image com-
parison. Simple inspection of image data was sufficient in
only three of fifteen mutant genotypes. In the other cases,
registration-based methods were regularly able to high-
light regions of change that were either not apparent by
visual evaluation or required more detailed statistical com-
parison to establish differences. In the human situation,
many of the ‘‘phenotypes’’ relevant to neurological disease
are expected to be similar, where only small phenotypic
differences from the normal population are present. As a
result, large-scale human screening studies and research
labs performing imaging examinations of mouse models of
human disease benefit greatly from registration-based
means of image comparison and analysis.

CONCLUSION

In this investigation, 13 of 15 different mutant mouse
populations showing behavioral symptoms were found to
have neuroanatomical abnormalities. The high prevalence
(87%) of neuroimaging phenotypes in these mice indicates
that disease processes producing abnormal behavior rou-
tinely result in neuroanatomical symptoms as well. There-
fore, neuroanatomy represents an important marker of dis-
ease status and characterizations of new behavioral mouse
mutants are greatly benefited by comprehensive neuroana-
tomical assessment. These assessments require efficient vis-
ualization of tissue over the whole brain. While histopath-
ological methods will remain an essential component of
mouse characterization, the survey of imaging studies in
this paper suggests that many of the neuroanatomical
manifestations of disease are apparent at a macroscopic
scale. Differences between normal and mutant mice at this
scale are especially well-suited to detection by imaging
methods, which offer improved three-dimensional visual-
ization and corresponding enhancements in the detection
of complex shape, size, and volume differences. This sug-
gests that imaging has the potential to play a prominent
role in characterization of mouse mutants and screening of
mouse populations.

NOTE ADDED IN PROOF

Since submission of this paper, we have finished the
analysis of an additional 4 behavioral mutants, all of

which have neuroanatomical abnormalities shown by imag-
ing. This brings the prevalence to 17 out 19 which is 89%.
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