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Three-Dimensional Digital Mouse Atlas Using
High-Resolution MRI

Marc Dhenain,1 Seth W. Ruffins, and Russell E. Jacobs2

Division of Biology, Biological Imaging Center, Beckman Institute, California Institute
of Technology, Pasadena, California 91125

We present an archetypal digital atlas of the mouse embryo based on microscopic magnetic resonance imaging. The atlas
is composed of three modules: (1) images of fixed embryos 6 to 15.5 days postconception (dpc) [Theiler Stages (TS) 8 to 24];
(2) an annotated atlas of the anterior portion of a 13.5 dpc (TS 22) mouse with anatomical structures delineated and linked
to explanatory files; and (3) three-dimensional renderings of the entire 13.5 dpc embryo and specific organ systems. The
explanatory files include brief descriptions of the structure at each volume element in the image and links to 3D
reconstructions, allowing visualization of the shape of the isolated structures. These files can also contain or be linked to
other types of information and data including detailed anatomical and physiological information about structures with
pointers to online references, relationships between structures, temporal characteristics (cell lineage patterns, size, and
shape changes), and gene expression patterns (both spatial and temporal). As an example, we have “painted” in the
expression pattern of Dlx5/Dlx6 genes. This digital atlas provides a means to put specific data within the context of normal
specimen anatomy, to analyze the information in 3D, and to examine relationships between different types of
information. © 2001 Academic Press
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INTRODUCTION

Anatomical atlases provide precise information about
intricate organisms. Atlases are critical as analytical tools
and for communicating complex information. Because data
go beyond simple structural identification, the need arises
for four-dimensional atlases that have the ability to incor-
porate additional information and that are extensible to
high dimensions. The advent of inexpensive computers
coupled with increasing speed and convenience in trans-
porting large amounts of data have brought about changes
in the way atlases are constructed and used. Digital media
are making it feasible to construct a new generation of
interactive atlases that link nomenclature directly with
graphical plates (Brune et al., 1999; Gibaud et al., 1997;
Williams and Doyle, 1996). These allow the visualization of
complex three-dimensional (3D) structures, providing a
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etter understanding of the geometry and spatial relation-
hips between organ systems within the embryo (Kaufman
t al., 1997; Toga et al., 1995). Further, these allow the user
o “section” the digital specimen in any direction or angle.
hus, sections from one’s own arbitrarily sliced sample
ay be directly compared with the same oblique sections

rom the digital atlas. Moreover, 3D representations make
etailed morphometric measurements (distances, angles,
urface areas, volumes) straightforward. Finally, with digi-
al atlases, one can amalgamate spatial and temporal infor-
ation from different experimental techniques into a single

oncise framework. For example, digital atlases can incor-
orate data regarding gene expression patterns (Ringwald et
l., 1999, 2000), chemoarchitectonic information, such as
ocation of neurotransmitters (Jacobowitz and Abbott,
998), receptor domains (Durstewitz et al., 1999; Palermo-
eto, 1997), axonal projections, cell lineage and migration

atterns, and the distribution of extracellular matrix com-
onents.
Recently a digital atlas of the embryonic mouse was

enerated from specimens processed by classic histological

echniques (Brune et al., 1999; Kaufman et al., 1998). The
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4593D MRI Digital Mouse Atlas
major drawback to this approach is that the specimen must
be physically deconstructed from its native three dimen-
sions into a series of two-dimensional (2D) sections. Each
section is digitized and the images are reconstructed back
into three dimensions. Artifacts generated during the physi-
cal processing of the sample (i.e., compression, shrinkage,
tearing, folding, etc.) must be corrected with warping algo-
rithms prior to reconstruction. Correcting and aligning
sections is a nontrivial effort (Brune et al., 1999; Kaufman et
al., 1998; Toga, 1998; Toga et al., 1996; Toh et al., 1996).

Magnetic resonance imaging microscopy (mMRI) is a
qualitatively different imaging method that is able to dis-
tinguish soft tissues within optically opaque specimens.
During a mMRI experiment, 3D data are collected directly
rom the intact specimen; thus, no artifacts are introduced
y the physical deconstruction of the specimen. This non-
nvasive method offers several different sources of contrast
nd makes it possible to repeatedly image the same speci-
en over time (Jacobs and Fraser, 1994; Narasimhan and

acobs, 1996a; Smith et al., 1998). It can be used to image
ive or intact fixed samples. With this technique, the
hallenge is to obtain sufficient spatial resolution with
ufficient contrast to differentiate anatomical features
ithin the embryo. In practice, spatial resolution is limited
y the intrinsically low intensity of the magnetic resonance
ignal (Callaghan, 1991b). Several groups have demon-
trated near-cellular resolution using high magnetic field
trengths, electronics optimized for small samples, and a
ariety of imaging protocols (Bowtell et al., 1995; Narasim-
an et al., 1994; Johnson et al., 1997).
In this study we present a digital atlas of the mouse

mbryo based on mMR imaging techniques. The atlas is
omposed of three different modules. First, it contains
nprocessed mMR images of fixed embryos aged 6 to 15.5

days postconception (dpc) [Theiler Stages (TS) 8 to 24. See
Table 1 for dpc to TS conversion]. Stacks of images can be
viewed as transverse, horizontal, and sagittal movies. With
appropriate software, the data may be rendered as volumes
or sectioned at arbitrary orientations. Second, it contains an
annotated atlas of the anterior portion of a 13.5 dpc (TS 22)
mouse. In this atlas, anatomical structures in transverse
sections of the embryo have been outlined. Each outlined
structure is linked to a descriptive file using a weblet
application. The explanatory files are also linked to 3D
reconstructions allowing 3D visualization of the shape of
the structures. Finally, the atlas contains a 3D rendering of
the 13.5 dpc embryo. The whole embryo or specific organs
(e.g., heart, liver, kidneys) can be displayed as 3D colored

TABLE 1
Theiler Stage (TS)/Days Postconception (dpc) Conversion

TS 8 10 15 19 22 24
dpc 6 7 9.5 11.5 13.5 15.5
objects. As an example of how other types of information

Copyright © 2001 by Academic Press. All right
can be incorporated into this model, we have “painted” in
the gene expression pattern of the Dlx5/Dlx6 genes that are
involved in the regulation of forebrain development
(Zerucha et al., 2000). The digital atlas is presented as a
Website (http://mouseatlas.caltech.edu).

MATERIALS AND METHODS

Animals

Mouse embryos aged 6 to 15.5 dpc (TS 8 to 24) were obtained
from BDF1 females mated in the evening with BDF1 males. By
convention, the morning on which the vaginal plug was found is
referred to as 0.5 days postconception (Kaufman, 1994). We re-
moved the embryos from pregnant females euthanized with CO2.

hey were fixed by immersion in 4% paraformaldehyde in 0.1 M
hosphate-buffered saline (PBS; pH 5 7.4) for 24 h at 4°C, then
ashed several times in PBS. Thereafter, embryos were maintained

t 4°C in 0.5% sodium azide PBS solution until imaged. For
maging, the fixed embryos were embedded in 1% agarose gels
oped with magnetite or in fluorocarbon (Fluorinert), to minimize
he signal intensity from media surrounding the embryo.

MR Imaging

Magnetic resonance imaging was performed at 4°C using an 11.7
Tesla, vertical bore (89-mm) Bruker AMX500 microimaging system
(Bruker Instruments, Billerica, MA). We used an Acustar shielded
gradient set (max 100 gauss/cm gradient strength) with home-built
RF probes and low-noise preamplifier. Images used to create the
atlas were recorded using 3D multispin echo protocols (one to eight
echoes) with a data matrix of 256 3 128 3 128 points. Typical
spatial resolution was 20 to 80 mm per voxel, depending on the size
f the embryo. The images displayed in the atlas were padded with
eros to double the number of time domain points in each dimen-
ion, then Fourier transformed to yield a matrix of 512 3 256 3
56. This procedure is commonly called “zero-filling” and is a
ell-known interpolation method (Farrar and Becker, 1971; Fuku-

hima and Roeder, 1981). In the case of 13.5 and 15.5 dpc (TS 22 and
4) embryos, T2-weighted images were recorded using 3D multi-
pin echo protocols [TR 5 1750 ms, TE 5 25 to 200 ms, bandwidth
BW) 5 25 kHz, and number of averages (Na) 5 4, acquisition time
6 h]. An additional set of T2-weighted images (TR 5 3900 ms, TE 5

25 to 200 ms, BW 5 25 kHz, and Na 5 2, acquisition time 37 h)
were recorded for the 13.5 dpc embryo. We note that the contrast is
better for the 13.5 dpc embryo in T2-weighted images (very long TR

and long TE) than in T1-weighted images (long TR and short TE). For
ther stages, several T1-weighted images were recorded (TR 5 1000

ms, TE 5 5.5 to 27.5 ms, BW 5 100 kHz, and Na 5 4, acquisition
ime 18 h). (See Appendix for more information about details of

RI nomenclature and methodology.)

Website Creation and Raw Images Presentation

Adobe GoLive version 4.01 (http://www.adobe.com/products/
golive/main.html) was used to create a Website integrating differ-
ent modules (MRI data, annotated atlas images, and the 3D model
of the 13.5 dpc embryo). For each embryonic stage, transverse,
horizontal, and sagittal MR images are displayed as QuickTime
movies (Apple Computer Inc.; http://www.apple.com/quicktime/).

They are also provided as TIFF stacks that can be sliced in any

s of reproduction in any form reserved.



i
f
t

t ns. O

460 Dhenain, Ruffins, and Jacobs
direction or angle using shareware such as Brain Image (http://
www.cap.stanford.edu/research/) or MacCube View (http://
www.escape.ca/;physics/).

Delineating Anatomical Structures

Anatomical structures were manually delineated on individual
MRI sections using Adobe Illustrator 8.01 (http://www.adobe.com/
products/illustrator/main.html). Nomenclature and identification
of structures were based principally on the atlas by Kaufman
(Kaufman, 1994), but also on other atlases (Foster, 1998; Jacobowitz
and Abbott, 1998; Schambra et al., 1992; Theiler, 1989). In most
nstances, the boundaries between tissues were obvious. However,
or some structures, the boundaries were not easily identifiable. In

FIG. 1. Matching histological sections with mMR data. The slice p
o match the section plane of the experimental histological sectio
hese cases, as is commonly done for atlas annotation purposes

Copyright © 2001 by Academic Press. All right
(Brune et al., 1999), boundaries were placed according to the
following criteria: (1) 3D morphology (organization of the structure
as visible on adjacent and orthogonal slices); (2) position of sur-
rounding tissues; (3) comparison with position of the structure in
existing histological atlases (Foster, 1998; Jacobowitz and Abbott,
1998; Kaufman, 1994; Schambra et al., 1992; Theiler, 1989). Some
structures, such as the intestines, could not be fully segmented
because the organ could not be identified in its entirety. Only
structures and portions of structures that could be definitively
identified were included in the model.

Annotated Atlas of a 13.5 dpc Mouse Embryo

To create a 2D annotated atlas of the 13.5 dpc mouse, we used

of the model was established by virtually slicing the MRI data sets
nce matched, the slicing angle was applied to the model.
lane
transverse sections from an MRI data set recorded with TR 5 1750

s of reproduction in any form reserved.
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4613D MRI Digital Mouse Atlas
ms and TE 5 75 ms. This age embryo was chosen because the
umber of discernable anatomical structures is significant, but not
xcessively large (Kaufman, 1994) and because the MRI data have a
igh contrast-to-noise ratio for cerebral structures. Every fifth slice
as segmented. We used the MetaMAP object-indexing technology

Eolas Technologies (http://www.eolas.net/aboutus.htm)] to anno-
ate the atlas. Each outlined structure is linked to a descriptive text
le via a 24-bit color index [8 bits per red/green/blue (RGB)
hannel]. Briefly, each segmented structure is assigned its own
olor (RGB value). The colors for each structure are mapped onto a
idden secondary image. Each color is linked to a descriptive file.
electing a pixel on the primary image, via a mouse click, sends the
ixel’s coordinate to the color map by means of zMap, a Java applet
Eolas Technologies). The color index at that location is read and
he appropriate descriptive file is called and displayed on the Web
rowser.

Generation of 3D Surface Models

To create 3D surface models, structures in the MRI sections
were outlined in one of the three orthogonal directions (transverse,
horizontal, or sagittal). For each structure, the MRI data set with
the best contrast between the structure and surrounding tissues
was chosen to outline the structure. For example, the liver was
outlined on sagittal images with TR 5 3900 ms and TE 5 33 ms,
whereas the vertebrae were outlined on horizontal images with TR

5 1750 ms and TE 5 75 ms. Three-dimensional surface renderings
of embryonic structures were generated using formzZ [autozdeszsys
inc. (http://www.formz.com)]. The outlines used to define indi-
vidual structures were imported into formzZ, spaced appropriately,
and then organized by organ systems. Outlines were used to
construct surface models composed of polygonal meshes. Mesh
densities were adjusted for each object to reveal details in small
structures, while keeping the number of polygons low for struc-
tures with little detail. For example, the marginal layer model was
constructed at high mesh density because it has many fingerlike
projections surrounding the spinal cord. The liver, however, could
be modeled using a lower mesh density because the surface
contains fewer fine details. The entire embryo was reconstructed

FIG. 2. Steps used to “paint” the Dlx5/Dlx6 expression pattern
Dlx5/Dlx6 expression were (B) traced: blue represents Dlx5/6 exp
model slices corresponding with the plane of the histological secti
“painted” into the model slices using borders as landmarks.
by juxtaposing organs that had been outlined in sections with

Copyright © 2001 by Academic Press. All right
different orientations or experimental parameters. To visually
distinguish individual objects, the resulting surfaces were “shaded”
(i.e., color, material, transparency, and reflectivity attributes and,
in some cases, texture maps were assigned to the polygonal surface
models). Lighting parameters were added to aid in 3D visualization.
QuickTime movies were generated using either formzZ Render-
Zone renderer or Electric Image Animation System (Play, Inc.).
These techniques reveal the 3D geometry and spatial relationships
between organ systems.

Entering Gene Expression Data

As an example of how different types of information can be
incorporated into this atlas, we “painted” in the expression pattern
of the homeobox genes Dlx5/Dlx6 involved in the regulation of
forebrain development. The Dlx5/Dlx6 expression pattern was
entered into the model in a manner very similar to the segmented
anatomical data. The original gene patterns were extracted from
100-mm transverse histological sections of a 13 dpc (TS 21) mouse,
generously provided by T. Stühmer (Zerucha et al., 2000). The
ections came from transgenic animals expressing a lacZ reporter

gene driven by a transcriptional enhancer within the intergene
region of the zebra fish dlx5/dlx6 genes. In these mice the lacZ
xpression is identical to that of the endogenous Dlx5/Dlx6 genes
Zerucha et al., 2000). Brain and ventricle borders as well as
Dlx5/Dlx6 expression patterns were manually delineated on the
digitized histological sections as described above. The 3D MRI data
set was virtually sliced at various angles using Display software
(ftp.bic.mni.mcgill.ca), until slices that best fit the brain and
ventricle borders delineated on the histological section were found.
Figure 1 is an example of the method used to determine the
best-fitting slice angle. Note, the image in Fig. 1 was generated
using Amira software. This slicing angle was applied to our 3D
model and “virtual” slices with the thickness of the histological
slices were created in (formzZ) and exported to Adobe Illustrator.
Figure 2 displays the section with the poorest fit between virtual
and histological sections. Traces of the brain, ventricle borders, and
gene expression patterns from the histological sections were over-
laid onto the “virtual” slices. The traces outlining the brain and

the brain model. (A) Histological sections (100 mm) displaying
on; yellow, brain tissue; and red, ventricle borders. (C) The brain
ere extracted from the volume (Fig. 1) and the expression pattern
into
ressi
on w
ventricles borders were manually deformed to fit the brain and
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462 Dhenain, Ruffins, and Jacobs
ventricle borders of the “virtual” sections. The gene expression
patterns were deformed in a similar way to create gene expression
patterns transformed to the geometry of the “virtual” slices. All the
virtual slices with the transformed gene patterns were then ex-
ported into formzZ, surface models were constructed, and a 3D
rendering was created from the surface models.

RESULTS

MR Imaging and Raw Images Presentation
High-resolution 3D images of 6 to 15.5 dpc (TS 8 to 24)

fixed mouse embryos were recorded using magnetic reso-
nance imaging. Sagittal and transverse sections from 7,
11.5, and 15.5 dpc embryos are shown in Fig. 3. Images of 6,
7, 9.5, 11.5, 13.5, and 15.5 dpc (TS 8, 10, 15, 19, 22, and 24,
respectively) embryos are found on the Website (http://
mouseatlas.caltech.edu) (see above). Images are presented as
QuickTime (QT) movies of consecutive sections passing
through the embryo in three orthogonal directions (trans-
verse, horizontal, and sagittal). They are also presented as
stacks of TIFF sections that may be sliced at arbitrary
orientations or rendered as volumes by using software
tools such as Brain Image (http://www.cap.stanford.edu/
research/) or MacCube View (http://www.escape.ca/
;physics/). One QT movie occupies approximately 3 mega-
bytes and one stack of TIFF images about 15 megabytes.
The presentation of all images recorded (four or five images
with various echo times for each embryo) occupies approx-
imately 720 megabytes. As a consequence, for each embryo,
we present one set of selected movies and one TIFF stack.
High-resolution image data used for segmentation are avail-
able upon request.

Image Segmentation and Annotated 2D Atlas of
13.5 dpc Embryo

Transverse sections of the anterior portion of a 3D data
set of a 13.5 dpc mouse were manually segmented and
annotated. Two data sets were collected from a single
embryo using different imaging protocols to enhance con-
trast in different structures. For example, one imaging
protocol produces good contrast for bone primordium (TR 5
1750 ms and TE 5 75 ms), while another produces good
contrast for internal organs (TR 5 3900 ms and TE 5 33 ms).
igure 4 displays the different steps used to create the
nnotated images. The left panel (Fig. 4A) shows the MRI
ection data. Structures in each MRI section were outlined
sing Adobe Illustrator 8.01 (Fig. 4B, middle panel). Pub-
ished atlases were used to confirm identification of struc-
ures (Kaufman, 1994). However, each technique produces
n image based on a specific physical property of the sample
eing studied. The photographic plates in Kaufman’s atlas
rovide boundaries not always present in the MR data.
imilarly, MR can reveal boundaries that are not apparent
ith optical methods and are therefore not considered
iscrete anatomical objects. For example, with MRI it is

ossible to distinguish between necrotic and poorly per-

Copyright © 2001 by Academic Press. All right
used tissue after an ischemic insult (Calamante et al.,
999).
Each anatomical structure was outlined and filled with a

ifferent color and the same color used for a given structure
n each section in which it occurred. Thus, each anatomical
tructure has a unique triplet of 8-bit numbers (RGB color)
ith which it is associated. Conversely, each volume ele-
ent in the data has not only one of these RGB values

ssociated with it, but also the MRI intensity value. This
GB value serves as an index to information about the
tructure. The set of RGB values also makes an image. This
mage is used to link the displayed MRI data to the
escriptive files. When a particular pixel on an MRI section
s chosen, the RGB value associated with that pixel is
eferenced, and the description indexed by that RGB value
s displayed. The right panel (Fig. 4C) is the hidden RGB
mage that links the image map to descriptive files. A total
f 108 structures have been outlined, including much of the
entral nervous system, blood vessels, arteries, eyes, and
xtracerebral tissues. Each volume element in this atlas has
hree values with which it is associated: an MRI intensity,
n RGB anatomical index, and a flag for Dlx5/Dlx6 occu-
ancy (Fig. 2). Other types of information can be added as
eeded.

Three-Dimensional Reconstruction and Rendering

To create the 3D surface model, structures were outlined
in 2D sections taken along the three orthogonal directions
(transverse, horizontal, and sagittal) of the 3D data sets.
Separate 3D renderings of each organ were constructed from
the outlines. The entire embryo was then reconstructed by
combining the 3D models of the various organs using the
original sections and Kaufman’s atlas (Kaufman, 1994) to
obtain proper alignment. Small interpretative errors were
introduced during the manual segmentation when adjacent
organs were outlined on different sets of orthogonal slices
(e.g., on transverse and sagittal sections) and during the
combination of the various organs into the whole embryo
3D model. The cumulative effects resulted in some misreg-
istration in the surface models. These problems may be
mitigated using applications that handle segmentation of
3D data directly in three dimensions (Amira; http://
amira.zib.de). In this software, the traces created during the
segmentation in one orthogonal direction are directly re-
ported in the other two orthogonal directions. This allows
the user to perform the segmentation and track progress
directly within a single 3D image file. Moreover, in this
fashion the 3D reconstruction can be created on a global
basis for the whole embryo rather than organ by organ.

Once created, the 3D models were shaded, lighted, and
rendered to better visualize the 3D geometry of individual
structures and spatial relationships between structures
within the developing mouse. Figure 5 demonstrates that
anatomical segmentation is used not only for identifying
structures in two dimensions but also allows organ systems

to be viewed independently or as user-selected groups. In

s of reproduction in any form reserved.
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4633D MRI Digital Mouse Atlas
this initial version of our atlas, we linked descriptive text
files of several cerebral structures with 3D rendered movie
files. To demonstrate that other data types can be incorpo-
rated and displayed in our 3D model, we entered the
Dlx5/Dlx6 gene expression pattern for this stage. These
genes are involved in the regulation of forebrain develop-
ment (Zerucha et al., 2000). The expression pattern was
entered into our model by “fitting” the patterns from
histological sections into corresponding model slices (Fig.
2). Figure 6 shows stereo-pair volumetric renderings of the
Dlx5/Dlx6 expression pattern within 13.5 dpc mouse brain.
A movie of the expression pattern can be found on the
CD-ROM and the Website (http://mouseatlas.caltech.edu).

Website

The digital atlas outlined here is presented in its current
entirety on the Website. The raw data are provided in the
form of QuickTime movies and TIFF images because they
are widely used formats. At this time the annotations are
restricted to the 2D slices presented. This has the advantage
of being highly interactive. Future work will incorporate a
3D version of the annotated information in which users
may select arbitrarily oriented slices. TIFF stacks of the
MRI data may be downloaded and converted to formats
viewable with commercially available 3D visualization appli-
cations (Amira, http://amira.zib.de; Voxel View, http://www.
vitalimages.com/products/voxelview.shtml; or Display, http://
www.bic.mni.mcgill.ca/software).

DISCUSSION

Imaging Techniques (Comparison of MRI with
Histology)

Magnetic resonance imaging is exquisitely sensitive to
soft tissue, thus making it ideal for in vivo and nondestruc-
tive in vitro imaging of anatomical structures. We show
mouse embryo mMR images with an isotropic resolution up
o 16 mm per isotropic voxel. The digital images were used
o create a digital atlas of a portion of one embryo and to
reate a 3D model of the animal. Other studies have used
istological methods to reconstruct 3D models of embryos.
he samples were sliced into thin sections, stained, photo-
raphed, digitized, and then reconstructed back into three
imensions. The creation of 3D models with this method
ecomes more and more difficult for late-stage embryos
ecause of the increasing number of sections to process. To
ate, only early-stage [up to 9 dpc (TS 14)] embryos have
een processed with this method (Brune et al., 1999).
nlike these methods, mMRI provides a nondestructive

means to collect 3D anatomical data from optically opaque
specimens. The different slices issued from MR imaging are
intrinsically aligned, thereby making it straightforward to
visualize 3D structures even in late-stage embryos. The
drawback of the mMRI method is that the resolution is

oorer than that in optical methods. For example, histolog-

Copyright © 2001 by Academic Press. All right
cal images used to create the 3D model of a 9 dpc embryo
Brune et al., 1999) were recorded with voxel size of 1.36 3
1.36 3 7 mm. In the present study, a resolution of 25 mm per
isotropic voxel side was recorded for the 13.5 dpc embryo.
Although it took a day and a half to acquire the data, this
resolution is sufficient for organ differentiation within the
embryos; even small organs such as the adrenal glands
could be visualized and modeled.

Another important difference between the two methods
is the origin of contrast in the image. With histological
methods, a number of different types of stains may be
employed on the same or nearby sections. With MRI, the
“stains” reside in the intrinsic physical properties of tissues
that modulate the MR signal. No chemical stains need be
added and several contrast mechanisms that arise from
microscopic variations in chemical and physical properties
(e.g., T1, T2, diffusion) can be used consecutively to image
the same sample (Jacobs et al., 1999a). New MRI methods
such as magnetization transfer imaging (Nitz and Reimer,
1999), chemical shift imaging (Guimaraes et al., 1999), or
imaging protocols with the introduction of novel contrast
agents (Louie et al., 2000) should increase the panel of
contrast mechanisms that can be used in embryos. The
strengths and weaknesses of the histological and MRI data
collection techniques complement each other. Moreover,
the combination of these methods with micro-computed
tomography (microCT) (Graichen et al., 1998), phase-
contrast microCT (Beckmann et al., 1997), microPET
(Cherry et al., 1997), and blockface imagery (Cannestra et
al., 1997) would provide a wealth of information about
embryological development and enable interesting com-
parisons between the in vivo and in vitro situations.

Entering Other Types of Information into the
Model

An important feature of the digital atlas is the ability to
input other data types, such as gene expression patterns,
into the anatomical models. We superimposed Dlx5/Dlx6
expression data derived from experimental histological sec-
tions onto our model and reconstructed the 3D distribution
of these genes within the context of the 13.5 dpc mouse
brain. The 3D rendering of gene expression patterns can be
a useful tool for a better understanding of the spatial
organization of gene expression. More important, because
the model can be used to “paint” in information from
experimental sources, it can be used as a framework to
integrate 3D patterns revealed by various experimental
methods that then can be linked to other databases and data
sources.

Dlx5/Dlx6 gene expression was classified as simply
“present” or “absent.” The relative intensity of gene ex-
pression can also be included in a straightforward manner.
This will provide for more subtle renderings of gene expres-
sion patterns. Here, we manually fitted the gene expression
patterns from histological sections into the model slices.

Automated warping techniques can be used to optimize

s of reproduction in any form reserved.
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4653D MRI Digital Mouse Atlas
incorporation of experimental information into the digital
atlas (Van Essen et al., 1998). The establishment of “fixed
landmarks” will facilitate the digital mapping of other data
types. We used the brain and ventricle borders as land-
marks. These landmarks might not be optimal for incorpo-
rating information from sections of experimental embryos
from various mouse strains with various brain sizes or
when processing artifacts. One method we are exploring is
to create a library of molecular landmarks that have known
and invariant spatial relationships with anatomical struc-
tures. For example, Pax-3 in the chick is an early marker of
placodes in the head (Baker et al., 1999). Because the
ocation of the placodes is well known, Pax-3 can be used as

landmark gene for orienting the experimental specimen
nd entering data into the models. Such a library can be
sed as a “warping map” for entering experimental data.
Finally, gene patterns in the present study were taken

rom 100-mm-thick sections and gene expression was in-
ferred from the detection of a b-galactosidase marker gene.

FIG. 4. Anatomical segmentation of 13.5 dpc embryo mMRI d
anatomical structures. (B) Each outlined structure was filled with a
The numerical value of the color in a particular pixel links that pi
MRI section (A) the RGB value assigned to that pixel (via C) is us

FIG. 3. mMRI of fixed mouse embryos. Top row (A and B) sho
respectively) embryos. The surface of the embryos are clearly visib
and E) Transverse and sagittal sections of an 11.5 dpc specimen. TR

(19.5 mm3)/voxel. At this stage the limbs and vertebral elements ar
nd intestines are also apparent. (D and F) Transverse and sagitta
omplex. The heart is well developed and the chambers easily disti
bright ring), (3) dorsal roots (lateral dark regions), and (4) vertebra

tructure. TR/TE 5 1750/100 ms, matrix 5 512 3 256 3 256 points afte

Copyright © 2001 by Academic Press. All right
ections of 100 mM thickness were used to provide suffi-
cient b-galactosidase signal to be visualized. Visualization
f endogenous genes will require other methods, such as in
itu hybridization. With these methods, thinner sections
re required for efficient staining, which dramatically in-
reases the number of slices to be processed to create a 3D
endering of a given gene expression pattern. This is another
eason to develop automatic outlining and warping proto-
ols.

Conclusions

The atlas described here shares many features of the
classic text-based histological atlas. It provides information
in the form of slices where anatomical features are distin-
guishable because of their different physical characteristics.
Anatomical features have been annotated, so that names
are associated with structures. One can page through the
various slices to get a better notion of the three-

Transverse MRI sections (A) were used to delineate (segment)
igned 24-bit RGB color to produce a color map image shown in (C).
o a descriptive text file. In practice, when a pixel is chosen in the
find the appropriate file that is then displayed.

olumetric representations of 11.5 and 15.5 dpc (TS 19 and 24,
llowing for the overall condition of the embryo to be assessed. (C

1000/5.5 ms, matrix 5 512 3 256 3 256 points after zero-filling,
ible, although bone has not yet calcified. The forming heart, liver,
tions of a 15.5 dpc specimen. By this stage the embryo is quite
hable. In transverse section, the (1) spinal chord, (2) marginal layer
y primordium are clearly visible and the lungs show complicated
ata.
n ass
xel t
ws v
le, a
/TE 5
e vis
l sec

nguis
l bod
r zero-filling, (39 mm3)/voxel.

s of reproduction in any form reserved.



o
s
s
t
i
t

brow
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dimensional nature of the specimen and the various parts of
which it is comprised. Unlike the text-based atlas, the atlas
presented here is digital, three-dimensional, and derived
from magnetic resonance imaging data. The annotation is
open-ended. We include a short description of identified
structures, but the amount and kinds of information that

FIG. 5. 3D models derived from segmented data permit customiz
organ systems (except epidermis), (B) central nervous system, (C) sk
pulmonary, circulatory, etc.) fully visible. Each structure is assigne
(B) the dorsal roots are blue/green, whereas the spinal cord is a pin
some transparency to reveal the ventricles (purple) within. (D) The
the gonads are ochre, the lungs are white, and the heart is reddish
can be included are essentially unlimited. The inclusion of M

Copyright © 2001 by Academic Press. All right
ther types of information from other sources is also
traightforward; the example presented here is a relatively
imple gene expression pattern derived from relatively
hick histological slices. Annotation is in progress for
mages of mouse embryos at other time points included in
he Webpage. We note that the noninvasive nature of the

iews. The entire reconstructed embryo can be viewed with (A) all
l system, or (D) any combinations of systems (in this case, enteric,
nique surface style to aid in visualization. For example in the CNS
y and the marginal layer orange. The cerebrum has been assigned
vessels in the brain and in the trunk are red, the kidneys are pink,
n.
able v
eleta
d a u
k/gra
blood
RI experiments makes it feasible to perform repeated
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imaging of the same sample as it develops. Thus, an in vivo
atlas of development of the mouse is a realistic goal.

A comprehensive understanding of the developmental
process must include a global view of the developing
system in space and time. Ultimately, digital atlases will
allow a user to enter, search, and display different data types
simultaneously and thus provide new ways of examining
the relationships between the components within a devel-
oping system. These atlases will be powerful teaching tools,
provide frameworks for organizing complex data, and allow
visualization of intricate relationships among different
types of information. This in-progress atlas is an early step

FIG. 6. Stereo-pair volumetric representations of forebrain expre
view. The left and middle images of each set are convergent stereo-
are part of a cascade of gene expression involved in forebrain deve
in the creation of such tools.

Copyright © 2001 by Academic Press. All right
APPENDIX: MAGNETIC RESONANCE
IMAGING

Magnetic resonance imaging is not subject to the same
limitations found in optical microscopy. This imaging
technique can produce three-dimensional (3D) noninvasive
images of optically opaque specimens. In the vast majority
of experiments the image is based on the nuclear magnetic
resonance (NMR) signal from the protons of water. In this
short appendix, we provide a brief discussion of two areas of
MRI that impinge directly on the analysis of the images

of Dlx5/Dlx6 within the 3D brain model: (A) front view, (B) rear
; the middle and right images are divergent stereo-pairs. Dlx5/Dlx6
ent (Zerucha et al., 2000).
ssion
pairs
presented in this work. For general background in MR
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468 Dhenain, Ruffins, and Jacobs
imaging there are a number of books, reviews, and Web-
pages describing MRI physics and its applications in biology
(Andrew, 1990; Blackband et al., 1999; Blumich and Kuhn,
992; Callaghan, 1991a; Chen and Hoult, 1989; Kanal and
ehrli, 1986; Kuhn, 1990) (http://www.cis.rit.edu/htbooks/
ri/).

Contrast in the Magnetic Resonance Image

The relative amount of MR signal arising from different
regions (i.e., image contrast) is determined by spatial varia-
tions in physical and chemical properties of the sample.
These include water concentration, chemical composition
(fat versus water) (Dumoulin, 1985), temperature (Kuroda et
al., 1996), flow (Hofman et al., 1995; Maki et al., 1991; Xia
and Callaghan, 1992), magnetic susceptibility (air versus
tissue) (Grieve et al., 2000; Skibbe et al., 1995), and the

nderlying tissue microstructure (fiber tracts) (Ahrens et
l., 1998; Basser, 1995). Because many phenomena influ-
nce the MR signal the experimenter can modulate, to
ome extent, the image contrast through adjustment of the
arameters that enter into the MR imaging scheme, by
mploying different schemes, or by the addition of contrast
gents (Huber et al., 1998; Jackson et al., 1997; Jacobs et al.,

1999b; Lex, 1989). These physical characteristics affect
water diffusion (D), proton spin-lattice relaxation times
(T1), and spin–spin relaxation times (T2). T1 is the charac-
eristic time for a population of nuclei placed in a magnetic
eld to equilibrate along the field direction. T2 is the

characteristic time that individual nuclei contributing to
the signal remain in phase with each other. At a magnetic
field strength of 1.5 T in the human brain T1 values for
ventricular cerebrospinal fluid, white matter, and gray
matter are ;4300, ;560, and ;1000 ms, respectively; T2

values for white matter and gray matter are ;77 and ;80
ms, respectively (Bluml et al., 1993; Steen et al., 1994;
Whittall et al., 1999). T1 values are somewhat shorter at 4 T
(Kim et al., 1994).

Adjectives such as “T1-weighted,” “T2-weighted,” and
diffusion-weighted” are applied to describe particular im-
ges obtained with particular experimental protocols. Typi-
ally, T1-weighted images are collected with relatively

short repetition times (TR) (providing differential signal
rom species with differing T1 relaxation times) and short

echo times (TE) (ensuring minimal signal modulation result-
ing from regional differences in T2 relaxation times). In

1-weighted images, regions with protons possessing long
1 relaxation times will have relatively low intensity com-
ared to those with short relaxation times. T2-weighted

images are collected with relatively long repetition times
(ensuring minimal signal attenuation of species with long
T1 relaxation times) and long echo times (providing differ-
ntial signal from species with differing T2 relaxation
imes). In these types of images, areas with protons possess-
ng long T2 relaxation times will have relatively low inten-
ity compared to those with short relaxation times.

iffusion-weighted data collection schemes (Le Bihan,

Copyright © 2001 by Academic Press. All right
995) have additional magnetic field gradients that cancel
ignals arising from molecules diffusing along the applied
radient direction(s). These types of experiments can be
sed to differentiate fiber tracts. Illustrations of how T1 and
2 weighting affect the resulting MR image are found at

http://www.med.harvard.edu/AANLIB/cases/caseM/
mr1_t/026.html. It must be remember that contrast in
these “weighted” images is not solely from one source, but
rather has been biased toward the desired source.

Spatial Resolution, Signal, and Noise in the
Magnetic Resonance Image

One of the principal disadvantages of MRI is the intrin-
sically poor signal-to-noise ratio (SNR) of the experiment,
made more severe by the small volumes of water contained
within each volume element (voxel) of a microscopic image
(Edelstein et al., 1986; Lester et al., 1999). This and other
restrictions limit the spatial resolution obtainable with
MRI. Factors contributing to the physical limits to spatial
resolution in MRI have been discussed in detail by Cal-
laghan (1991a) and others (Blumich and Kuhn, 1992; Cho et
al., 1988; House, 1984; Kuhn, 1990; Lauterbur, 1973; Zhou
and Lauterbur, 1992). In addition to SNR, spatial resolution
in biological samples is predominantly limited by line-
width broadening and diffusion effects. Deterioration in
resolution resulting from line-width effects can be compen-
sated for by judicious choice of experimental conditions
(e.g., bandwidth and gradient strength) that, in turn, influ-
ence the SNR of the resulting image (Callaghan, 1991a;
Kuhn, 1990). Molecular diffusion has a number of effects in
the MRI experiment (Le Bihan, 1991); besides being an
important image contrast mechanism, diffusion also leads
to signal attenuation and phase jitter. There are a number of
ways of reducing the signal loss intrinsic to mMRI and thus
achieving near-microscopic resolution. These include
working at high magnetic fields and customizing hardware
and software to the samples of interest (Narasimhan and
Jacobs, 1996b). The success of these methods is evident
from MR imaging experiments with spatial resolutions of
10 mm or less that have been achieved by several groups
working at field strengths ranging from 4.7 to 14 T (Blumich
and Kuhn, 1992). Estimates of the theoretical limits of
resolution in the MR image range from 0.5 to 2 mm
(Callaghan, 1991a; Cho et al., 1988; Kuhn, 1990). In prac-
tice, such resolution extremes are rarely achieved as a result
of limitations in the available SNR, which is limited by the
amount of time available to acquire the image. Typically,
the practical isotropic resolution for three-dimensional (3D)
images yielding satisfactory SNR values is currently on the
order of 20 mm for mouse-sized specimens.
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