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Morphologic Phenotyping
with MR Microscopy: The
Visible Mouse"

A method for rapid morphologic phenotyping is demonstrated by using magnetic
resonance microscopy. Whole fixed C57BL/6) mice were imaged at 110-pm isotro-
pic resolution; limited volumes of the intact specimen, at 50-pm isotropic resolu-
tion; and isolated organs, at 25-um isotropic resolution. The three-dimensional
imaging technique was applied to uricase knockout mice to demonstrate the
method for the evaluation of morphologic phenotype.
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Supplemental material: (radiology.rsnajnls.org/cgi/content/full/2223010531/DCT)

Rapid developments in molecular biology have created extraordinary opportunities to
understand the connection between specific genotype, structure, and function. This, in
turn, has created demand for effective methods of phenotyping. In 1999, more than 2
million transgenic and knockout mice were bred for research, with an estimate of more
than 6 million animals in the past year (1). Magnetic resonance (MR) imaging has been
used to characterize neuroanatomy in clinical studies with well-documented human
genotypes (2-4). MR imaging and microscopy have also been applied to phenotype a
number of animal models (5,6). The purpose of our report is to present a method for
morphologic phenotyping by using MR microscopy to allow scientists to nondestructively
image the whole mouse (“The Visible Mouse”) with isotropic three-dimensional (3D)
spatial resolution as small as 110 pm (1 X 1073 mm?) and spatial resolution in isolated
organs as small as 25 pm (1.6 X 107> mm?).

IMAGE ACQUISITION WITH VERY LARGE ARRAYS

All studies were performed in accordance with our institutional animal care and use commit-
tee. Male C57BL/6] mice (n = 24) were obtained from commercial sources (Jackson Laboratory,
Bar Harbor, Me). Uricase knockout mice (n = 4) used to demonstrate a specific phenotype were
supplied from a colony maintained at the Duke University Medical Center (7).

The founders of MR imaging clearly envisioned the potential for MR microscopy, but
the adaptation to practice has required considerable technical development (8,9). For
microscopic imaging, MR imaging has been improved by means of performance at higher
magnetic field strengths, use of improved encoding strategies, and use of specialized
radio-frequency coils (10-12). Prior to this study, the highest spatial resolution was
obtained in limited fields of view that were not practical for whole-mouse examination. In
previous efforts, we overcame two limitations—limited sensitivity and limited field of view
(coverage)—that now allow us to examine the whole mouse at microscopic resolution.
These barriers have been addressed with the development of 3D encoding with very large
image arrays and the use of active stains. Images were acquired with three modified MR
imagers (Signa; GE Medical Systems, Milwaukee, Wis). The critical characteristics of each
system are summarized in Table 1. All three systems used shielded gradients and were
controlled by consoles (Signa 5X; GE Medical Systems) that have been modified for MR
microscopy. The 3D spin-echo images (50/5, repetition time [TR] msec/echo time [TE]
msec) were acquired, as defined in Table 2. The number of signals acquired was chosen so
that the total acquisition time for each study was 14.5 hours (ie, less than a single
overnight session).
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The 3D encoding was proposed early in
the development of MR imaging (13,14).
As the technology matured, larger isotro-
pic image arrays became possible (15).
We have extended the technology even
further by separating the acquisition, re-
construction, archiving, and distribution
systems and by optimizing each for the
large data sets. Raw data acquired with
the imaging systems are transferred to a
dedicated 64-bit reconstruction engine
(Silicon Graphics, Mountain View, Calif)
that can accommodate image arrays as
large as 2,048%. An efficient 3D Fourier
transform routine has been implemented
with sufficient memory (1 Gbyte), local
disk space (200 Gbyte), archive capacity
(CD-ROM), and network bandwidth (100
Mbyte/sec) to routinely accommodate
large data sets. For example, the raw data
for the 5123-image array is 1 Gbyte. Recon-
struction time is approximately 1 hour. Im-
ages are analyzed locally with software
(voxeLview; Vital Images, Minneapolis,
Minn) performed on a workstation (SGI
02, Mountain View, Calif) with 1 Gbyte of
memory. The critical array dimensions for
all images are included in Table 2.

SPECIMEN PREPARATION: THE
ACTIVE STAIN

The second critical element required to
create the “Visible Mouse” is the devel-
opment of active-staining techniques.
The use of contrast agents in MR imaging
is not new. Paramagnetic molecules used
as agents to modify tissue relaxation were
first suggested by Mendonca-Dias et al
(16). Substantial research has focused on
the development of these agents for hu-
man use (17). We use the term active
staining to refer to the use of contrast
agent in conjunction with perfusion fix-
ation to provide some specific benefit for
MR histologic examination. In this appli-
cation, we are using active stains to re-
duce the effective T1 of all the tissues and
thus increase the signal-to-noise ratio.
With careful control of the vascular ac-
cess routes, one can produce intact spec-
imens with uniform reduction in spin-
lattice relaxation time in the majority of
tissue. Systemic perfusion of C57BL/6]
mice and uricase knockout mice was per-
formed (L.W.H.) via the right jugular
vein and the left carotid artery with 10%
buffered formalin (Fisher Scientific, Fair-
lawn, NJ) and gadopentetate dimeglumine
(Magnevist; Berlex Laboratories, Wayne,
NJ), a conventional clinical contrast agent
at volume ratios ranging from 40:1 to 5:1.
The concentration of gadopentetate dime-
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TABLE 1
Critical Performance Characteristics of the MR Microscopes
Field Strength (T)
Parameters 2.0 7.1 9.4
Gradient (mT/m) 180 650 860
Maximum imaging volume (mm) 150 X 150 X 150 40 X 40 X 40 30 X 30 x 30
Radio-frequency coil Solenoid Birdcage Solenoid
TABLE 2
Acquisition Parameters
Field
Strength Signals Voxel
Region m Array Acquired Resolution (pum) (pm?)
Whole mouse 2.0 256 X 256 X 1,024 16 110 X 110 X 110 1.3
Abdomen 7.1 512 X 512 x 512 4 50 X 50 X 50 0.125
Kidney 9.4 256 X 512 X 512 8 25 X 25 X 25 0.016

Figure 1.

glumine in 10% buffered formalin has
been titrated so that its dilution with water
in the fixed tissues results in a T1 of less
than 250 msec throughout the tissues.
The efficacy of active stains, the unifor-
mity of the perfusion fixation, and the
effect of the agent on the signal-to-noise
ratio were measured (G.A.J.) by acquiring
a series of seven registered two-dimen-
sional Fourier transform images (2-mm-
thick sections, 256 X 512 array over 55 X
110-mm field of view, TE of 5 msec) with
TR ranging logarithmically from 20 to
1,280 msec. The resultant data were fit on
a pixel-by-pixel basis to the equation
Sy TR) = PD(xy)(1 — e ™M)
where S(x,y,TR) is the signal intensity at
position x, y for a given TR, PD(x,y) is the
calculated proton-density image, and
T1(x,y) is the calculated T1 image.
Morphologic phenotyping with MR

Coronal 2-mm-thick sections were acquired in (A) a formalin-fixed specimen and
(B) a specimen stained with a 1:20 mixture of gadopentetate dimeglumine and formalin. At TR of
100 msec, the gain in signal-to-noise ratio is fivefold greater than that for all tissues except fat.

microscopy provides the following four
attributes that differentiate it from more
traditional optical histologic examina-
tion: (@) MR microscopy is nondestruc-
tive, (b) contrast in MR microscopy pro-
vides unique information about the water
in the tissue, (¢) MR microscopy is inher-
ently 3D, and (d) MR microscopy is in-
herently digital. The results demonstrate
a specific comparison between wild type
and specific knockout mice in which the
morphologic differences are clear. The
figures demonstrate these four attributes.

VISIBLE MOUSE

Figure 1 shows a comparison between a
formalin-fixed specimen and an identical
specimen stained with a 20:1 mixture of
formalin and gadopentetate dimeglu-

Johnson et al



2000----!--<-! T ! T
Fi  T1{Control)
F O T1(1:20 Gd)
1500 | ’ ' .
W
7]
W f
£ 1000
—
|
500 -

L

Brain Muscle Lung

Liver Cortex Medulla Fat

Tissue

Figure 2. Graph shows the T1 calculated for seven representative
tissues in stained (1:20 Gd) and unstained (control) specimens. The T1
was reduced by more than sixfold in all tissues except fat. Gd =

gadopentetate dimeglumine.

Figure 3. Three-dimensional MR microscopic images with an isotropic array (256 X 256 X
1,024) were acquired in a whole fixed C57BL/6] mouse. The spatial resolution in every plane is
110 X 110 X 110 pm, which allows one to view any arbitrary plane with equal spatial resolution.
Coronal (top) and transverse (bottom) images depict 110-pm-thick sections of the head (left),
thorax (center), and abdomen (right).

mine. The effect of the stain on signal
intensity is clear, with an improvement
in signal-to-noise ratio that was sixfold
greater in the stained specimen. Even
with these relatively thick (2-mm) sec-
tions, there is insufficient signal intensity
at TR of 100 msec to support any accurate
morphometric measurements on images.

A more quantitative assessment of the
effect of the stain on various tissues is

shown in Figure 2. The T1 was reduced
more than sixfold in all tissues except fat.
All tissues, except fat, have T1 of less than
150 msec in the stained specimens. The
reduction in T1 is less dramatic in fat,
which suggests lower penetration of the
stain to the fat owing to either the solu-
bility of the stain in fat or differences in
vascularity. The T1s of the stained tissues
(except fat) tend to converge toward 100

msec so that the ratio of signal improve-
ment is more dependent on T1 in the
unstained specimen. Thus, the improve-
ment in signal-to-noise ratio is variable.
But a conservative estimate, in which the
outer medulla of the kidney was used,
showed a signal intensity enhancement
that is 5.7-fold greater at TR of 50 msec.

Figure 3 demonstrates the nondestruc-
tive nature of MR microscopy. The figure
shows a collage derived from the isotro-
pic 110-pum array that covered the whole
mouse. Three transverse images obtained
with a 1,024 array depict the head, the
heart, and the abdomen. Since the sec-
tioning is nondestructive, one can view
the data along any arbitrary axis without
the distortion that comes from physical
sectioning. Because the image array is
isotropic, coronal, transverse, and sagit-
tal images can be created from the origi-
nal (256 X 256 X 1,024) 3D array with
the same spatial resolution. The images
are three of 1,024 transverse sections and
one of 256 coronal sections that depict
the mouse from head to tail. Interactive
viewers for the 3D image volumes of the
whole mouse and the midabdomen dis-
cussed in this article (Figs 4, 5) are avail-
able as supplemental material (radiology
.rsnajnls.org/cgi/content/full/2223010531
/DC1) on the Radiology Web site.

The nondestructive nature of MR mi-
croscopy is further evident when Figures
3 and 4 are compared. Because the spec-
imen remains intact, it is possible to re-
image the specimen for a limited volume
at higher spatial resolution. Figure 4
shows a selected 50-pm coronal section
through the kidney from the same wild
type animal as shown in Figure 3. This
image was acquired at 7.1 T with a 5123
array with spatial resolution more than
10-fold higher than that shown in Figure
3. Because the specimen remains intact,
images from different acquisitions can be
aligned since there is no distortion from
the physical sectioning that accompanies
conventional optical histologic examina-
tion. With interactive viewing, it is pos-
sible to match the plane from two differ-
ent image sets very accurately.

Because the tissue has not been dehy-
drated, as is the case with most conven-
tional optical-staining techniques, the
contrast enhancement on all MR images
demonstrates unique information about
the water and how it is bound in the
tissues. This has been one of the major
strengths of clinical MR imaging. Con-
trast enhancement on MR images is the
source of extensive study in the MR liter-
ature (18,19). We have chosen one of the
simplest imaging strategies, that is, a de-
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pendence on proton-density and spin-
lattice relaxation time (T1).

Quantitative measure of T1 (Fig 2)
demonstrated that active staining re-
duced the T1 of all tissues from a range of
800-2,000 msec (at 2.0 T) to approxi-
mately 100 msec. As with conventional
MR imaging and microscopy, contrast
enhancement is dependent on both the
intrinsic tissue parameters (eg, proton
density, T1, and T2) and the acquisition
strategy (18,19). The parameters in this
case include the microstructure of the tis-
sue and the specific methods of active
staining. The blood vessels that contain
formalin and gadopentetate dimeglu-
mine, which have a high proton density
and the shortest T1, are easily identified
on all images. At this point, MR contrast
enhancement is empirical. The relation-
ship to specific biologic structure is not
clear. The understanding and exploita-
tion of the many ways to manipulate
contrast enhancement for morphologic
phenotyping should be the topic of re-
search in the future. Even without
knowledge of the underlying physical
principles at work, the current method
provides sufficient anatomic contrast en-
hancement to allow visualization of the
internal structures of most of the organs.

The potential of MR microscopy for 3D
morphologic phenotyping is demonstrated
in Figure 5. The right kidney was excised
from an animal, prepared, imaged (as in
Fig 3), and imaged again at 9.4 T with a
smaller field of view. The 256 X 512 X 256
volume is made up of 25-pm isotropic vox-
els that are 85-fold smaller than those in
Figure 3. Figure 5, A shows a 25-um coro-
nal cross section of vessels and collecting
structures. The cortex (outer and inner)
and the medulla of the kidney are differen-
tiated. Sampling of the whole organ with
isotropic voxels produces data that are
ideal for exploration with volume-render-
ing software. In Figure 5, B, we made the
tissues with lower signal intensity relatively
transparent, yielding a virtual 250-pm sec-
tion that clarifies the topology of structures
as they traverse the thicker section. The
2,500-pm-derived slab in Figure 5, C en-
compasses the entire ventral half of the
right kidney, including the major vessels
branching through the kidney. The more
opaque vessels can be seen in perspective
throughout the larger transparent volume.
Because there is no distortion from physi-
cal sectioning and dehydration that accom-
pany optical methods, these 3D images pro-
vide very accurate assessments of organ
dimensions, surface areas, and volumes.

The fourth and final attribute of MR mi-
croscopy is that the inherent digital nature
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Figure 4. Coronal 3D (512 X 512 X 512) images of control (left) and uricase knockout (right
mice permit morphologic phenotyping. Isotropic resolution of 50 wm allows identification of
liver (a), stomach (b), right kidney cortex (c), outer medulla (d), inner medulla-papilla (e), and left
kidney cortex (f). In the uricase knockout mouse (right), kidneys (g) are hydronephrotic with
cortical and medullary cysts (h). The use of 3D isotropic sampling makes it easy to extract
corresponding sections from the two image volumes for comparison.

Figure 5.

Images of the right kidney that has been removed from a perfusion-fixed mouse and
imaged with a 256 X 512 X 512 array, resulting in 25-pm-thick voxels. In addition to the thinnest
25-pm-thick section of the kidney (A), rendering techniques can produce a 250-pm-thick section
(B), and a 2,500-um-thick slab (C), in which nonvascular tissue is transparent. Because the
specimen was not physically sectioned, 3D anatomic relationships such as the branching vascu-

lature are undisturbed.

of the technique allows the data to be
shared over the Internet (radiology.rsnajnls
.org/cgi/content/full/2223010531/DC1). Such
atlases will be accessible all over the world for
comparative morphologic phenotyping. Fig-
ure 5, B shows a single coronal level from a
uricase knockout mouse acquired in the
same fashion as that in Figure 5, A. The level
in Figure 5, B has been interactively selected
from the digital atlas to match the level in
the wild type mouse in Figure 5, A. Common
anatomic references (eg, liver and stomach)
are seen on both Figure 5, A and B. The
morphologic phenotype in Figure 5, B in-
cludes an enlarged renal sinus in the kidneys

and multiple cortical and medullary cysts.
The attributes (eg, multiple planes and vol-
ume characterization) noted in Figures 4
and S allow more quantitative phenotyp-
ing than would be possible with conven-
tional histologic sections. As morphologic
measurements (kidney volume, volume of
renal sinus, number and location of cysts)
are made, they will be stored in the data-
base for comparison with other specimens.

DISCUSSION

Increasing interest in molecular imaging
has made it clear that radiologic imaging is
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moving to a new phase in contributing to
the understanding of human disease.
There are several apparent areas for collab-
oration between molecular and cell biolo-
gists and our more traditional imaging
community; for example, the develop-
ment of new imaging probes. In this study,
we posed another avenue of interdiscipli-
nary growth, that is, the application of our
imaging technologies to the immediate
problems of linking genotype to pheno-
type in the exploding growth of mouse
models. The methods we used are the first,
to our knowledge, of a number that will
translate the technologies of MR micros-
copy to those of MR histology. We believe
this will become a routine tool for the anal-
ysis of the mouse morphologic phenotype.

The extension of MR imaging to MR mi-
croscopy has required far more than sim-
ply “turning up the resolution knob” on
the imagers. In a similar fashion, the inter-
pretation of MR histologic data will require
more than a simple extension of conven-
tional anatomic understanding to the
mouse. The volume resolution in these
studies of the mouse is more than 250,000-
fold that of a typical image of the human
body; therefore, it is not surprising that we
are now looking at structures that have not
been seen with conventional MR imaging.
Certainly we see the mouse liver, but if one
looks more closely at Figure 5, one can
readily see the liver lobule. This intermedi-
ate structural detail between the organ and
the cell is readily discerned on these im-
ages. A critical need in translating our tech-
nology to basic science will be the inter-
pretation of images. Opportunities are
abundant for the radiologist to collaborate
with the pathologist and molecular biolo-
gist in what will surely be an exciting and
challenging field—MR histology.

We articulated four ideas that collec-
tively establish a new field of study. The
four critical ideas are (a) the use of MR
histology with very large 3D imaging ar-
rays, (b) the use of active stains that are
designed explicitly for MR histology,
(c) the development of a standard proto-
col for morphologic phenotyping, and
(d) the development of a Web-based ar-
chive for comparative phenotyping.

The technique is currently limited by
long imaging time and lack of a common
reference space. The use of multiple coils
that allow simultaneous acquisition of data
from several animals and the use of mag-
nets with higher field strength will clearly
improve efficiency. The development of
common reference spaces and statistical at-
lases will be possible on the basis of the

extensive work that has been done in the
comparison of human brain studies (20).

As new stains are developed, new struc-
tures will become apparent. As new mouse
models are developed, representative spec-
imens from isogenic colonies will undergo
perfusion fixation by using multiple active
stains. They will be imaged according to
the protocol described earlier. The whole
mouse will be imaged at approximately
100-pm isotropic resolution; limited vol-
umes of the intact specimen, at 50-pm iso-
tropic resolution; and excised organs, at
25-pm isotropic resolution. The resulting
data will be registered in a common space
and stored in a Web-accessible archive.

These digital data are being assembled
into a multidimensional atlas for publica-
tion on the World Wide Web, following a
model of several current genome databases
(21,22). As the Visible Human (23) has pro-
vided a common reference for human
anatomy, we believe the much broader
“Visible Mouse” atlas will provide a com-
mon morphologic reference for the anat-
omy of the normal mouse and a growing
number of transgenic and knockout mice.

We believe that the methods described
in this study and the resulting database
under development will serve as the
foundation for the new field of quantita-
tive morphologic phenotyping in which
MR histology is used.
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