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High-resolution magnetic resonance imaging is emerging as a
powerful tool for phenotyping mice in biologic studies of ge-
netic expression, development, and disease progression. In
several applications, notably random mutagenesis trials, large
cohorts of mice must be examined for abnormalities that may
occur in any part of the body. In the aim of establishing a
protocol for imaging multiple mice simultaneously in a stan-
dardized high-throughput fashion, this study investigates vari-
ations of a three-dimensional fast spin-echo sequence that
implements driven equilibrium, modified refocusing, and partial
excitation pulses. Sequence variations are compared by simu-
lated and experimental measurements in phantoms and mice.
Results indicate that when using a short repetition time (TR ≤
T1) a sequence employing a partial excitation tip angle provides
both improved signal and good T2 contrast compared with
standard fast spin-echo imaging. This sequence is used to
simultaneously acquire four live mouse head images at 100 �m
isotropic resolution with a scan time under 3 h at 7 T. Magn
Reson Med 54:532–537, 2005. © 2005 Wiley-Liss, Inc.
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The mouse has become the experimental animal of choice
in biomedical research for modeling human disease and
development processes. Physiologic and genetic similari-
ties to humans (1) in addition to an extensive set of tech-
niques for genetic manipulation (2) has allowed mouse
models to improve the understanding of human develop-
ment and treatment of human diseases. However, signifi-
cant challenges lie in the initial detection and subsequent
monitoring of informative phenotypes and abnormalities.
The difficulty of phenotype identification is exacerbated
by the large numbers of mice needed in typical biologic
studies. This is particularly true in large random mutagen-
esis trials, where thousands of unique mutant mice are
generated each year (3) and aberrant phenotypes may be
present in any part or system of the body or may be absent
altogether. Rapid, yet thorough, phenotyping of each ani-
mal becomes paramount for efficient detection and analy-
sis of mutations.

The soft tissue contrast available with MRI offers an
excellent means of assessing structural and anatomic ab-
normalities. However, there are several challenges in mod-
ifying human clinical MRI practice to large-scale MR
mouse phenotyping. First, MR imaging must keep pace
with large-scale biologic studies without compromising
image quality. This challenge is met by parallelizing image
acquisitions with multiple mouse MRI (MMMRI) (4),
which accommodates multiple samples with independent
radiofrequency coils within a single gradient and magnet.
This technique provides an essential increase in through-
put, but the need for slower large-bore gradient sets that
accommodate many mice is potentially a disadvantage
when compared to smaller high-performance microimag-
ing gradients with only single or very limited mouse ca-
pacity. Second, image resolution must be increased ap-
proximately 15-fold in each linear dimension beyond hu-
man images to provide equivalent fractional anatomy at
the mouse scale. This resolution should be three-dimen-
sional and isotropic—potentially over the entire ani-
mal—in order to allow viewing in arbitrary orientations
and to allow unbiased, quantitative, and automated phe-
notype detection (5) in large-scale studies. Finally, if phe-
notyping is to be conducted in vivo, the imaging session
must also be restricted to the time that a mouse—even one
with compromised health—can be reliably anesthetized.
Two to three hours is a long but reasonable upper limit on
scan time when using isoflurane gas anesthetic (6), allow-
ing for handling and preparation. This study addresses the
procedures for acquiring high-resolution images in this
time-frame within the context of high-throughput
MMMRI.

Image acquisition in the clinical environment has been
greatly facilitated by the introduction of the pulse se-
quence “rapid acquisition with relaxation enhancement”
(7), more commonly called fast spin-echo (FSE) or turbo
spin-echo, due to its increased rate of data collection. FSE
has the additional benefits of being insensitive to suscep-
tibility differences and inherently T2-weighted; both de-
sirable traits in animal imaging systems operating at high
field strengths where susceptibility effects are increased
and heavily T2-weighted images generally provide greater
contrast. However, at higher field strengths T2 relaxation
times are shorter and T1 relaxation times are longer, mean-
ing fewer echoes can be acquired per excitation and a
longer delay is needed between excitations for recovery.
This reduces the efficiency of standard T2-weighted FSE
image acquisitions and limits the resolution that can be
achieved. For this reason, we have investigated possible
modifications of the FSE pulse sequence so as to optimize
image quality within the time available for mouse pheno-
typing. In particular, we investigated the possibility of
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reduced repetition time (TR � T1) acquisition strategies
that maintain good T2-weighted image contrast.

In this paper, four FSE sequence variants are considered,
each managing available magnetization in a different man-
ner. For reference purposes the first sequence is the stan-
dard FSE with a 90° excitation and 180° refocusing pulses.
The second sequence, here referred to as driven equilib-
rium FSE, attempts to recover transverse magnetization
with driven equilibrium pulses at the end of the FSE echo
train (8,9). The third sequence, modified refocusing FSE,
reduces the tip angle of refocusing pulses to less than 180°
and provides larger stimulated echoes (10,11). The final
sequence, partial excitation FSE, maintains 180° refocus-
ing pulses for an even number of echoes but uses an
excitation tip angle less than 90° in order to conserve
longitudinal magnetization; this is analogous to Ernst
small angle excitations in gradient-echo imaging proto-
cols. Each of these sequences is considered through sim-
ulations as well as experiments in phantoms and fixed
mice. The most promising sequence is also shown to ac-
quire excellent three-dimensional images in live mice.

METHODS

The expected signal level from each sequence in several
tissues of the mouse body was first considered theoreti-
cally. Simulations were performed by numerically evalu-
ating normalized magnetization signal components in the
longitudinal and transverse directions, with the latter di-
vided into clockwise and counterclockwise rotating com-
ponents (12). The sequence model consisted of a series of
rotations corresponding to radiofrequency pulses (as-
sumed to be instantaneous) or time delays. Relaxation was
incorporated during time delays by recovery or decay as
dictated respectively by the relaxation times T1 and T2.

A 3D FSE sequence was developed for a Varian INOVA
console (Varian NMR Instruments, Palo Alto, CA, USA)
with a 7.0-T magnet (Magnex Scientific, Oxford, UK). The
system is equipped with a 29-cm inner bore diameter
gradient set (Tesla Engineering Ltd., Storrington, Sussex,
UK) with 120 mT/m maximum amplitude and 870 �s rise
time. Successful sequence implementation required anal-
ysis and compensation of eddy currents along all gradient
axes.

Comparison of simulation and experiment in a phantom
provides a means of verifying sequence functionality. A
phantom was made using 1% agar with CuSO4 and NaCl
concentrations of 0.5 and 1.4 mM, respectively. Longitu-
dinal and transverse relaxation times were measured to be
T1 � 1890 � 40 ms and T2 � 137 � 3 ms using a 2D
spin-echo sequence with varying repetition and echo time.
A two-dimensional profile of the phantom was then col-
lected with each FSE sequence and the signal levels (nor-
malized to the standard FSE sequence) were plotted
against simulation. In the case of the partial excitation,
replacement of simple square 180° refocusing pulses with
composite refocusing pulses (of the form 90°x–180°y–90°x)
was beneficial in preserving signal. This composite pulse
was expected to improve inversion of longitudinal magne-
tization in the presence of B1 inhomogeneities (13). These
composite pulses had little or no effect in the other se-
quences or in fixed mouse experiments so were only im-

plemented for the phantom experiment. The unremarkable
signal improvement in fixed mice is likely due to the
limited performance of this composite pulse in the pres-
ence of B0 inhomogeneity (14,15). More sophisticated
pulse design for both inversion and refocusing in the pres-
ence of B1 and B0 inhomogeneities (14–16) is likely to
show more noticeable effects in fixed and live mice, but
was not considered further in the present experiments.

In order to compare images within a single specimen
using the different sequences, a fixed mouse was prepared.
Briefly, a mouse was anesthetized and then an IV catheter
(0.62 mm diameter) and needle were guided by high-fre-
quency ultrasound (Vevo 660, VisualSonics, Inc., Toronto,
Ontario, Canada) to puncture the left ventricle. Fixation
proceeded by perfusion of a saline and heparin solution
followed by 10% buffered formalin phosphate (Fisher Sci-
entific, Nepean, Ontario, Canada). The protocol was iden-
tical to the more detailed account in Zhou et al. (17) but
without any contrast agent. Each FSE sequence was used
to acquire a three-dimensional image using parameters
TE/TR � 14/800 ms, echo train length ETL � 8, two
averages, field of view 120 � 30 � 30 mm, and matrix size
1024 � 256 � 256. All sequences were acquired using a
cylindrical k-space acquisition as shown in Fig. 1. In this
scheme, only phase encode values lying on cartesian grid
points of k-space within a specified radius are collected,
resulting in a scan time reduction of 22%. Each phase
encode grid point was grouped according to its distance
from the center of k-space; ETL groups of an equal number
of points were then individually assigned to echoes in the
echo train. Within each grouping, phase encode points
were collected by quadrant in a raster fashion, starting
with the smallest phase encodes in the first phase encode
dimension and proceeding to the largest. In the fixed
mouse images, zeroth order k-space lines were collected
on the second echo yielding an effective echo time TEeff �
28 ms.

Live mice were imaged using the partial excitation se-
quence. In these experiments, four mice were imaged si-

FIG. 1. Division of the two-dimensional 256 � 256 phase encode
matrix into eight groupings. Black regions are not collected. Alter-
nating gray and white regions represent eight groups that can be
assigned to individual echoes in the echo train (ETL � 8) according
to the desired contrast.
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multaneously using MMMRI with each mouse in a sepa-
rate RF coil. Anesthesia was induced in the mice using
vaporized isoflurane (Baxter Corp., Toronto, Ontario, Can-
ada) at 4% concentration and then maintained for the
duration of imaging at 0.8 to 1.0% concentration. The
hardware for mouse handling as well as delivery and scav-
enging of anesthesia for multiple mice is described in
detail elsewhere (18). Images were acquired with TE/TR �
12/900 ms, TEeff � 36 ms, ETL � 8, two averages, field of
view 40 � 24 � 24 mm, and matrix size 400 � 240 � 240
for an imaging time of 2 h 50 min. The excitation tip angle
was set to 40°.

Reconstruction of three-dimensional images was per-
formed with echo amplitude correction as described by
Busse et al. (9). For the smaller in vivo data sets recon-
struction was performed using standard MATLAB soft-
ware (v 6.5.0 release 13, The MathWorks, Inc., Natick, MA,
USA). The larger fixed mouse data sets were first processed
for echo amplitude correction with MATLAB and then
reconstructed using in-house software written for an SGI
Origin 2000 with 32 CPUs and 32 gigabytes of RAM (Sili-
con Graphics, Mountain View, CA, USA).

All animal protocols were approved by the Hospital for
Sick Children Animal Care Committee.

RESULTS

Calculated signals for four selected tissues of the mouse
body are shown in Fig. 2 using the tissue properties pro-
vided in Table 1. The largest increase in signal level is
observed using the partial excitation sequence for all tis-
sues except the kidney cortex, where the modified refocus-
ing FSE produces a larger signal. At even shorter TR values
than shown here, the signal advantage of the partial exci-
tation FSE becomes more pronounced. A notable increase
in signal difference between the tissues consistent with an
improved T2 weighting is also present for the partial exci-
tation sequence compared to the other sequences. This

contrast improvement is strongly affected by the excitation
tip angle; an excitation at the Ernst angle produces maxi-
mum signal, but further reducing the tip angle improves T2

contrast at the expense of signal.
Figure 3 shows a comparison of simulation and experi-

mental data in the agar phantom. Good agreement between
the data is present for all sequences, with a somewhat
reduced experimental signal in the partial excitation data.
Separate experiments indicate that loss of longitudinal
magnetization during the 180° pulses accounts for this loss
in experimental signal intensity. This loss of longitudinal
magnetization over the course of multiple 180° pulses is
due to imperfect inversion with both B1 and B0 inhomo-
geneity (23,24).

Figure 4 displays regions of images of a fixed mouse for
each of the sequence variations and a long TR FSE refer-
ence. Each of the four short TR sequence variations had
approximately equivalent overall SNR, with significant
local increases apparent in the partial excitation sequence.
The long TR reference FSE has approximately twice the
SNR of the other sequences. The contrast in the partial
excitation sequence is much improved compared to the
other sequence variations and mimics that of the long TR
reference scan. Improvements are most noticeable in re-
gions of vasculature and in the heart chambers where
contrast-to-noise ratio increased threefold.

The partial excitation FSE sequence was also imple-
mented with live mice. Figure 5 shows images from four
three-dimensional data sets collected simultaneously in
the mouse brain with 100-�m isotropic resolution. Figure

FIG. 2. Simulated signal results for four mouse tissues. Timing
parameters include TR � 800 ms, echo spacing 14 ms, TEeff �
28 ms, and ETL � 8. Tip angle details for each sequence are:
standard FSE 90°x(180°y)

ETL, driven equilibrium 90°x(180°y)
ETL � 1

90°-x, modified refocusing FSE 90°x150°y(120°y)
ETL � 1, partial exci-

tation FSE 50°x(180°y)
ETL.

Table 1
Tissue Properties Used in Simulation Results

Tissue
T1 (ms)
at 7 T

T2 (ms)
at 7 T

Relative proton
density

Hippocampus 176715 4115 0.6617

Corpus callosum 150315 3715 0.5617

Kidney cortex 103516 1816 0.7618

Kidney medulla 159316 3516 0.7918

FIG. 3. Simulated and experimental signal results in an agar phan-
tom. Phantom relaxation properties were measured to be T1 �
1890 � 40 ms and T2 � 137 � 3 ms. Timing parameters include
TR � 800 ms, echo spacing 14 ms, TEeff � 28 ms, and ETL � 8.
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5b through d shows additional coronal, sagittal, and trans-
verse slices from mouse 1. Image quality with respect to
signal and contrast was similar in all mice with SNR
ranging from 30 to 35. Likewise, artifact levels were com-
parable in all coil positions (mouse 1 in Fig. 4a was posi-
tioned at gradient isocenter with mice 2 and 4 offset ver-
tically and mouse 3 offset horizontally in the bore). The
successful implementation of the FSE in off-axis coil po-
sitions shows that MMMRI can be implemented with even
more sophisticated, phase-sensitive pulse sequences with-
out sacrifice in image quality.

DISCUSSION

The experiments here indicate that the partial excitation
FSE sequence offers substantial improvement in the qual-
ity of multiple mouse images. From a spin management
perspective, maintenance of some level of longitudinal

magnetization appears to be the best strategy of the alter-
natives presented. It reduces the recovery-induced T1

weighting that otherwise degrades both signal and contrast
in short TR sequences. The alternative strategies, recover-
ing remaining transverse magnetization or storing more
signal in stimulated echoes, are less effective. However,
the trade-offs between these strategies is heavily depen-
dent on T1 and T2 relaxation times and hence is inherently
field dependent. For example, longer T2-relaxation times,
such as the agar phantom in this study, greatly improve the
performance of the driven equilibrium sequences. Indeed,
driven equilibrium FSE scans have been successfully im-
plemented at 1.5 T (9). It is expected that the gains we
observe using partial excitation at 7.0 T will be less signif-
icant at lower field strengths but more significant at higher
field strengths. Furthermore, these experiments anticipate
MMMRI with a limited number of receivers and fourfold
interleaving (4) so still have comparatively long TR. With

FIG. 4. Fixed mouse images. Cropped images of a 3D data set from the thorax (a–e) and kidneys (f–j). Images were collected using the
standard FSE (a and f), driven equilibrium (b and g), modified refocusing FSE (c and h), partial excitation FSE (d and i), and standard FSE
with long TR (e and j). The short TR sequences (a to d and f to i) had a total acquisition time of 170 min. The long TR reference sequence
(e and j) had a total acquisition time of 645 min.

FIG. 5. Three-dimensional in vivo multiple
mouse head scans. A coronal section from
all four mice is shown in (a) with individual
coronal, sagittal, and axial slices shown
from mouse 1 in (b), (c), and (d), respec-
tively. Images were collected with FOV 40 �
24 � 24 mm and matrix 400 � 240 � 240.
Imaging time was 2 h 50 min. Images are
rotated into a standard orientation.
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individual receivers for each mouse, TR will be shortened
considerably, making the preference for partial excitation
even stronger.

The success of the partial excitation FSE depends criti-
cally on high-quality 180° refocusing pulses. Pulses that
fail to invert all of the longitudinal magnetization cumu-
latively reduce signal over consecutive refocusing pulses
and consequently degrade performance substantially. For
this reason, a partial excitation FSE is not likely to be
generally applicable in a clinical environment where the
longer T2-relaxation times at lower field strengths permit
more echo acquisitions. In addition, SAR considerations
become critical in human imaging but are less restrictive
in the anesthetized mouse where substantial external heat-
ing is required to maintain body temperature. Similar
pulse quality limitations may exist in single mouse imag-
ing where smaller specialized gradients run much faster
and hence could obtain many more echoes in the same
time period; in this scenario partial excitation would be-
come increasingly difficult to manage in accordance with
the increasing number of refocusing pulses. Nevertheless,
the throughput gain achieved with multiple mouse MR
(currently expected to achieve 19-fold on our system) is
deemed critical for routine application in even modest
scale biologic studies. In MMMRI at 7.0 T, with a large
gradient set, we have shown significant image improve-
ment with simple square 180° pulses using the partial
excitation for T2-weighted FSE in the TR � T1 timing
regime.

As with human clinical studies, a major challenge in
imaging live mice remains motion. Individual portions of
the mouse, particularly the head, can be imaged through
use of positioning techniques and local restraints (18) as
we have shown. However, extension of these techniques to
primary whole-body screening would require means of
motion correction that are effective over the entire mouse.
Problematically, the FSE is very sensitive to motion due to
its extended echo train (25). Reducing the length of the
echo train has been shown to reduce artifacts in human
studies (26), but also reduces efficiency. It is possible that
the partial excitation FSE could be used to recover some of
this efficiency loss through the use of a reduced TR. Sim-
ple averaging likewise aids in reducing the magnitude of
ghosts due to motion, especially in moving from a single
acquisition to two or three acquisitions (27,28), but doesn’t
represent a complete solution. Some FSE motion artifacts
have also been improved through gradient moment nulling
(29). The most successful motion correction technique to
date, prospective gating, has proven very successful in
cardiac imaging of single mice (30,31) but clearly does not
work for multiple mice. However, retrospective gating
with k-space oversampling is effective and is currently in
development at our laboratory for multiple mouse cardiac
imaging. Similar techniques should extend to respiratory
gating of whole-body images with the requisite oversam-
pling enabled by the reduced TR of the partial excitation
FSE. The development of such motion correction schemes
will be critical in large-scale biologic multiple mouse MRI
studies for investigation of the entire mouse body.

While technical improvements are ongoing, many stud-
ies and applications of high-throughput multiple mouse
MRI are currently possible. Studies within the brain par-

ticularly stand to benefit from the improved T2 weighting
and acquisition efficiency of the partial excitation FSE.
Such studies include in vivo longitudinal study of brain
tumors and genetic neuronal phenotypes as well as screen-
ing of abnormal brain anatomy.

CONCLUSIONS

This study has demonstrated that modification of a stan-
dard FSE through use of partial excitation allows acquisi-
tion of T2-weighted mouse images with short repetition
times (TR � T1). This allows for high-resolution imaging
within the time available for in vivo imaging. In combina-
tion with parallelization through MMMRI, this enables
large-scale biologic studies to be performed in vivo, in-
cluding anatomic phenotyping in either longitudinal de-
velopment or screening investigations.
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