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Abstract
Both the availability of methods to manipulate genes and the completion of the mouse genome
sequence have led to the generation of thousands of genetically modified mouse lines that provide
a new platform for studying mammalian development and developmental diseases. Phenotyping of
mouse embryos has traditionally been performed on fixed embryos by the use of ex vivo
histological, optical and high-resolution MRI techniques. Although potentially powerful,
longitudinal imaging of individual animals is difficult or impossible with conventional optical
methods due to the inaccessibility of mouse embryos inside the maternal uterus. To address this
problem we present a method of imaging the mouse embryo from stages as early as embryonic
date (E) 10.5, close to the onset of organogenesis in most physiological systems. This method uses
a self-gated MRI protocol combined with image registration to obtain whole-embryo high
resolution (100 μm isotropic) three-dimensional images. Using this approach, we demonstrate
high-contrast in the cerebral vasculature, limbs, spine and central nervous system without the use
of contrast agents. These results indicate the potential of MRI for longitudinal imaging of
developing mouse embryos, in utero, and for future applications in analyzing mutant mouse
phenotypes.
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INTRODUCTION
One of the most exciting achievements in modern biology has been the sequencing of whole
genomes in critical model organisms, including the mouse. With the sequencing of the
mouse genome (1), an ambitious effort is now underway to produce gene-knockout mice for
each of the approximately 23,000 mouse genes (2). The study of these genetically-
engineered mice promises to bring new insights into the genetic control of mammalian
development and the role of altered development in a wide spectrum of human
developmental diseases. While genetic studies can help elucidate the molecular mechanisms
underpinning the development of the major organ systems, understanding the morphological
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changes that are regulated by the genes requires the use of imaging at multiple stages of
development or disease progression (3).

Advances in imaging modalities together with the development of automated image
processing and analysis algorithms facilitate the efficient measurement of the significance of
differences between wild-type and genetically-engineered mice. Compared to physiological
assays, normally limited to a few tens of measurements, imaging experiments often provide
full coverage of the embryo and consist of millions of independent voxel measurements that
can reveal the simultaneous existence of multiple morphological phenotypes as may occur in
genetically-engineered mice (4). For many years, whole mount and histology methods have
been used to examine mouse embryo morphology. With thin histological sections, in
particular, one can use any of a multitude of immunostains to reveal protein expression
patterns (5). However, the two-dimensional (2D) nature of the image results produces
distortion artifacts when reconstructing three-dimensional (3D) structures such as the
vascular network.

The use of MRI, an inherently 3D imaging modality, in mouse developmental biology dates
back to the pioneering works of Smith and Johnson (6). Their general approach of preparing
fixed embryo samples and imaging over long times (up to 24h) to acquire ex vivo
volumetric MRI data at high-resolution (20 μm) continues to be used today, for example to
study vascular phenotypes (7,8). Ex vivo MRI has also been used to produce highly detailed
3D anatomical atlases of mouse embryos (9–11). Other than conventional T1 and T2 contrast
MRI, diffusion tensor imaging (DTI) has also been used successfully to delineate the
anatomy of the central nervous system (CNS) of fixed mouse embryos (12).

While ex vivo imaging of mouse embryos has provided highly detailed atlases of embryonic
development of wild type and mutant mice, these techniques portray only snapshots of
developmental or pathological progression. In addition, many mutants are difficult to breed,
which makes the ability to keep the mouse for subsequent studies important. In mouse
imaging, as in the clinical setting, ultrasound is the primary method for visualizing living
embryos. Ultrasound biomicroscopy (UBM), a high-frequency ultrasound imaging
technique, enables real-time anatomical and functional imaging of mouse cardiovascular and
brain development (13,14). However, UBM has limitations in penetration, especially for
late-stage embryonic brain imaging, and has limited soft tissue contrast making 3D
segmentation and analysis difficult.

In utero MRI has been performed for over a decade (15–19), but only recently have high-
resolution images of living mouse embryos been demonstrated. High-resolution 3D MRI
studies often require long acquisition times (~ 2h) and are susceptible to image artifacts
arising from both maternal and embryonic sources of motion. The most commonly
employed technique for imaging of periodic motions (i.e respiration, cardiac), is prospective
gating. We reported very high-resolution (100 μm isotropic) images of the CNS of mouse
embryos as early as E12.5 by combining manganese-enhanced MRI with respiratory gating
(20). Alternative ways of detecting periodic motions have been proposed with the
introduction of self-gated (SG) pulse sequences by Larson and co-workers (21). These
methods have been employed to generate artifact-free images in both human (22) and mouse
studies (23) without the use of any external devices. We used a SG gradient echo (GRE)
sequence to acquire in utero images of E17.5 mouse embryos, demonstrating embryonic
cardiac imaging at 130 μm isotropic resolution (24) and improved-resolution (115 μm
isotropic) in utero analysis of vascular phenotypes in E17.5 Gli2 knockout mice (25).

In the work presented here, we acquired – longitudinally in the same pregnant mice at three
embryonic development stages (E10.5, E12.5 and E14.5) – high-resolution (100 μm
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isotropic) 3D images of mouse embryos in utero. The study aimed to reconstruct detailed
anatomical embryo images, capable of capturing information on multiple organ systems
during in utero development. The noninvasive embryo imaging methods presented here are
therefore well-suited to future longitudinal studies of normal and mutant mouse embryos.

MATERIALS AND METHODS
Animals

All procedures involving mice were approved by the Institutional Animal Care and Use
Committee at New York University School of Medicine. We used 6–8 week old timed-
pregnant ICR strain mice (Taconic Farms, Germantown NY) where the stage was denoted as
the embryonic day (E) following overnight mating (E0.5 was defined as noon of the day that
a vaginal plug was detected). For imaging, mice were anesthetized via vaporizer/anesthesia
installation (VMC Matrix, Orchard County, NY, USA) with isoflurane gas: 5% isoflurane in
air for induction followed by 0.5%–1.5% isoflurane in air via nosecone for maintenance.
The body temperature of the mouse was maintained close to 37°C by blowing warm air.
Five timed-pregnant animals were each imaged longitudinally at embryonic stages E10.5,
E12.5, and E14.5. In addition, one more animal was imaged at stage E10.5 only, and two
more at E14.5. The total number of animals imaged (N) at each stage is summarised in
Table 1. In each session one embryo was imaged per litter.

Data Acquisition
We conducted all imaging experiments on a 7T magnet (Magnex Scientific Ltd., Yarnton,
UK) interfaced to a Bruker Biospec Avance II console (Bruker BioSpin MRI, Billerica MA)
and actively-shielded gradients (BGA9-S; Bruker), and acquired images using a quadrature
receive-only surface coil (Bruker) and a quadrature transmission volume coil (72 –mm ID,
Bruker) that were actively decoupled through a pin-diode. We employed a 3D SG-GRE
sequence, similar to that described in our previous report (24). Briefly, the method
comprised a modified gradient-spoiled 3D GRE sequence with gradient-refocusing on both
phase encode axes and a large constant spoiling gradient on the read axis (and no
radiofrequency spoiling). A gating signal was acquired after the slab-refocusing gradient and
during the ramp of the dephasing read gradient, but prior to any phase encoding of the
signal. Changes in this gating signal were used for retrospective respiratory gating. In our
implementation, a standard linear raster was employed to cover k-space, where the two
phase-encoding gradients were incremented linearly from their maximum negative to their
maximum positive values. After the acquisition of a full 3D image, the whole process was
repeated until NVOL repeated images were acquired (see Table 1). In this way, all collected
data were stored, and then image reconstruction was performed off-line, including
retrospective motion gating and image registration as described in the next section.

Acquisition Parameters
We first selected image acquisition parameters that produced contrast throughout the stages
of developmental examined. Previously, we showed that even at very short echo times (< 6
ms) the short T2

* of the deoxygenated fetal blood allows the visualization of cerebral
vasculature at late (E17.5) embryonic stages (25). However, images acquired with short
echo times did not show obvious contrast between blood vessels and surrounding tissue at
early (E10.5) stage. In the case of E10.5 embryos, we observed good contrast between
vascular and non-vascular structures at a TE of 20 ms, and we used this echo time for
imaging at all embryonic stages here. Repetition time (TR) and flip angle were 50 ms and
20° respectively.
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To minimize image artifacts caused by embryonic displacement, it is necessary to acquire
the repeated 3D image volumes as rapidly as possible. To achieve this for a given resolution,
we adapted the field-of-view (FOV) during each scan session to be the minimum that could
be achieved (i.e., with the least number of phase-encoding steps) while ensuring that no
wrap-around artifacts would occur in the volume of interest. This meant that the acquisition
matrix tended to increase with embryonic stage to accommodate for increasing embryo size.
The sampling bandwidth (BW) was also increased with matrix size, resulting in images of
similar spectral resolution (~ 300 Hz/pixel) at all embryonic stages. The total acquisition
time at every stage was kept between 2 and 3 h, which we previously found was well
tolerated by the mice, by adjusting the number of repeated image acquisitions (NVOL). A
summary of experimental parameters is provided in Table 1.

Data Processing and Image Reconstruction
SG data were post processed to produce scalar data representative of the respiratory state at
each TR of the image acquisition. Respiratory traces were produced from the sum of the
magnitude of the acquired data. For gated reconstruction, a threshold (typically excluding
20% of the acquired data) was selected to determine which acquisitions were affected by
respiratory motion. Each of the serially acquired images was registered to eliminate shifts in
the embryo position over the course of the scan. For this purpose, a six-parameter
registration was performed using software produced by the Montreal Neurological Institute
(MNI_AutoReg) (26). A coarse manually drawn mask covering the entire embryo was used
for each registration. Image-space translation and rotation parameters from the six-parameter
transforms were used to compute equivalent k-space transformations. Translations were
transformed to linear phase ramps that were multiplied with k-space data. Rotations were
applied without alteration. The resulting transformed k-space lines were averaged together
after discarding lines affected by maternal respiration. To highlight vasculature, image
contrast was inverted and maximum intensity projections (MIPs) were created.

Simulation of the Effect of Maternal Respiration on Image Quality
In our application of the SG sequence, k-space lines that are affected by maternal respiration
are excluded from the final reconstruction. However, intermediate images used for
registration retain corrupted data (or use zero lines) and exhibit artifacts. The extent of
artifact depends primarily on the number of affected (or excluded) k-space lines and the
position of those lines (with k-space lines closer to the center affecting the quality of the
reconstructed image more compared to those at the periphery of k-space). These artifacts
can affect both the results of the registration process and consequently the quality of the
final averaged image.

To understand the limitations of our method to reconstruct accurate embryonic images
during maternal respiration, we performed simulations on a 3D Shepp-Logan phantom (27)
with matrix size typical of an E14.5 embryo (i.e., 150 × 100 × 100 as shown in Table 1) and
taking NVOL=12. We applied random rigid body transformations to all but the first image to
simulate random motion of the embryo. We added zero mean complex Gaussian noise to all
twelve images so that each image had a signal-to-noise ratio of 5 in the image domain. We
then simulated embryo motion due to maternal respiration as in the work described by
Segars et al. (28), assuming a maximum (periodic) displacement of 700 μm and
randomization of the respiratory phase between image volumes. We replaced k-space lines
from our digital phantom with zeros whenever the displacement was more than half the
voxel size (i.e. 50 μm).

We examined three cases of respiration: a theoretical reference case with no respiratory
motion and zero breaths per minute (bpm); a typical respiration rate for our mouse
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experiments (35 bpm); and a higher than expected respiration rate (70 bpm). For each case,
we repeated the simulation 100 times and compared the translations and rotations recovered
by the registration algorithm with the ones we applied. We also reconstructed images to
evaluate the effect of the registration results on the final image.

RESULTS
Simulations of the effect of maternal respiration on image quality

In Figure 1 we show the results of the simulations for the effects of maternal respiration on
the quality of the reconstructed images and the success of the image registration in
recovering embryo motion. In Fig. 1a a typical respiration rate of 35 bpm is considered,
resulting in exclusion of 18.5% of the acquired data due to respiration. A typical example of
an average image result after discarding respiration affected data is shown in the middle
column. The registration algorithm was able to recover the translations and rotations quite
accurately (Fig. 1c) and produced an image of improved quality after correction for embryo
motion (Fig. 1a, right). At a fast respiration rate (70 bpm, Fig. 1b), with 37% of k-space
lines excluded, the registration algorithm cannot recover the spatial transformations
simulated in these images, and hence the image quality after attempted correction of
registration was low (Fig. 1b, right). In Fig. 1c we show the recovered translations in both
the typical and fast respiration rate cases, as compared to the applied translations for Figs
1a-b. With no motion (0 bpm), the algorithm recovers most of the applied displacement,
resulting in a root mean square error (RMSE) over 100 simulations of 45 ± 28 μm (RMSE ±
SD; i.e., smaller than a voxel). At 35 bpm, most of the displacement was still recovered with
RMSE of the recovered displacement at 124 ± 45 μm, while at 70 bpm the performance of
the registration process was very poor with RMSE at 610 ± 450 μm.

Image results with self-gating and registration for motion compensation
Figure 2 shows a typical example of an acquired image of an E14.5 embryo. When
reconstructed by simply averaging all the acquired data, images suffered from obvious
artifacts (Fig. 2a). After exclusion of k-space lines contaminated by maternal respiratory
motion (as determined from our self-gating data), we achieved a much improved image
quality (Fig. 2b) in which several structures, such as the spinal cord, limb buds, facial
features and cerebral ventricles were easily identified. Further correction of image artifact,
by co-registering the serially acquired image volumes to correct for embryo displacements
over the course of the scan, enabled visualization of finer features including the basilar
artery and other vascular structures (Fig. 2c). By plotting the magnitude of SG data,
maternal respiratory motion could be monitored ( Fig. 2d). The k-space lines acquired
during TR periods where the SG magnitude exceeded threshold were excluded from image
reconstruction.

In utero imaging results at multiple developmental stages
Figure 3 shows longitudinal imaging of the same pregnant mouse at three different
gestational stages. At each stage the approximate position of the 2D horizontal slices taken
from the 3D images are shown schematically. The cerebral ventricles could be identified as
early as E10.5. At E12.5 the relative size of the ventricle decreased and additional brain
structures such as the thalamus, hypothalamus and choroid plexus became evident. At E14.5
these structures further increased in size while the relative size of ventricle decreased. This
was more easily visualized by segmenting the brain ventricles (Fig. 4a). Volumetric analysis
of the segmented ventricular structures revealed an almost two-fold increase in the head of
the embryos for every two days of development, while the ventricular volume remained
almost constant (Fig. 4b). Computing the relative volume of the ventricles (the ratio of the
ventricle to whole-brain volumes) made this trend more evident (Fig. 4c).
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Contrast inversion, as described earlier, was used for the same datasets to highlight the
originally hypo-intense vascular structures. An example of longitudinal imaging of the same
timed-pregnant mouse is presented in Fig. 5. In the MIPs (Fig. 5a), major blood vessels
including the dorsal aorta and venous sinus were discernible at all stages. Growth and
elaboration of the cerebral vasculature tree was particularly well visualized between E10.5
and E14.5 (Fig. 5b).

Other embryonic structures of interest are displayed in Fig. 6. MIPs at two embryonic stages
(E12.5 and E14.5) are compared to demonstrate spinal cord and limb bud formation. At
E12.5, the digits in the hind limbs could first be visualized (Fig. 6b), and by E14.5 the digits
were completely separated. In the spinal cord, the intersomitic vessels (Fig. 6c) could be
distinguished from mid-trunk to the anterior tail region (Fig. 6c). Taken together, these
results demonstrate that in utero MRI can detect developmental changes in the early-stage
mouse embryo at high resolution.

DISCUSSION
Traditionally, phenotyping with MRI has been performed on fixed embryos, but longitudinal
imaging of individual animals can be a more powerful approach for studying the dynamics
of mammalian development. In this work we have presented a method of imaging mouse
embryos from stages as early as E10.5, at the onset of organogenesis. This study aimed to
reconstruct highly detailed anatomical images, capable of showing multiple phenotypes
when imaging genetically-engineered mice.

In utero MRI, like other abdominal imaging experiments, is susceptible to motion related
artifacts that limit image quality. In this work, we have shown that maternal respiration and
embryonic motion can be accommodated to reconstruct artifact free images and visualize
vascular, facial and other features. These approaches might be employed for phenotype
analysis of the En1 and Wnt1 knockout mice, for instance, which have both CNS and limb
phenotypes (31,32). The described procedure can also be used for vascular imaging. The
data also suggests that imaging of the mouse embryo is possible as early as E10.5, which in
principle enables analysis of phenotypes longitudinally.

In our previous work we studied vascular differences between wild-type and Gli2 mutant
mouse embryos (8,25). We showed that there was excellent correlation between images
acquired with self-gated in vivo MRI, ex vivo MRI and histological data in identifying the
deletion of the basilar artery, variable alteration of posterior cerebral artery and overall
differences in the Circle of Willis. However, the diameter of blood vessels appeared wider in
the in vivo MRI method, compared to ex vivo, due to the T2

* contrast caused by
susceptibility effect of fetal blood. Similarly, in the current study, using a TE of 20 ms,
accurate segmentation of the heart was not possible in any of the three developmental stages,
although we have shown previously that embryonic cardiac imaging is possible at shorter
TE (24). Therefore, for a given phenotype (or phenotypes) under study, the sequence
parameters that affect image contrast, namely, flip angle, repetition time and echo time, will
have to be optimized. In addition, in order for any in vivo imaging sequence to be used as a
valid quantitative tool, its results must be benchmarked against the more established ex vivo
methods (i.e. ex vivo MRI and histology).

In MRI, for a given acquisition time, there is always a trade-off between SNR and
resolution. In this study we have focused on acquiring high-resolution (100 μm isotropic)
images of a single embryo per mouse, within a 2 – 3 h imaging session. Higher throughput
can be achieved if lower resolution (or SNR) is sufficient to study certain phenotypes.
Imaging at 125 μm resolution, for example, using the current setup would require a quarter
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of the acquisition time in order to achieve the same SNR, assuming a square root
relationship between acquisition time and SNR (33). We could therefore image four
embryos in a 2 – 3 h session at 125 μm isotropic resolution. The ability to image a higher
number of embryos during an imaging session will depend on the SNR and resolution
needed to study the phenotypes of interest.

A common problem in longitudinal embryonic imaging is the identification of exactly the
same embryo for follow-up imaging. In our application of the pulse sequence, we imaged
the same pregnant mouse longitudinally but did not ensure the same embryo was being
imaged. It was sometimes possible to identify certain embryos in small litters by carefully
positioning the pregnant mouse and using anatomical features of the mother, such as the
bladder, for reference. However, in larger litters the embryos in the middle of the uterine
horns remain difficult to identify in consecutive imaging sessions. A recent report describing
an MRI method identifying embryos based on placental blood flow as measured by arterial
spin labeling represents a potential solution to the embryo identification problem (34). This
method could potentially be implemented prior to the high-resolution self-gated sequence,
adding 10–15 min to the total experiment time.

The results of this work suggest that embryonic development can be studied with the use of
SG MRI methods from an early stage, at a high resolution, with excellent contrast, and
without the use of any exogenous contrast agents. This type of non-invasive longitudinal
approach makes possible the study of the dynamics of phenotype development that occur in
utero, and will be of interest in future study of genetically-engineered mice. This possibility
will in turn bring new insights into the genetic control of mammalian development and
elucidate the role of altered development in a wide spectrum of human diseases.

Acknowledgments
This work was supported by NIH grants R01 HL078665 and R01 NS038461. We thank Orlando Aristizabal for
technical assistance.

LIST OF ABBREVIATIONS

2D/3D Two/three dimensional

AP Anterior-posterior

bpm Breaths per minute

CNS Central nervous system

E Embryonic day

GRE Gradient echo

MIP Maximum intensity projection

NVOL Number of volumes acquired

RF Radio frequency

SG Self-gated

SNR Signal-to-noise ratio

UBM Ultrasound biomicroscopy
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Fig. 1.
Simulation of error propagation due to data exclusion and registration inaccuracies. a)
Simulated periodic displacement of the abdomen during maternal respiration at 35 bpm
(left). Typical reconstructed image after rigid body transformations and exclusion of 18.5%
of k-space lines contaminated by breathing (middle). The final image was recovered with
registration (right). b) At 70 bpm the exclusion of 37% of k-space results in artifacts in the
phase encoding direction. The registered image still shows artifacts and inaccuracies. c) The
applied translations can be recovered accurately at 0 bpm and 35 pbm. At 70 bpm
registration errors are superimposed on the aliasing artefacts due to undersampling.
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Fig. 2.
Comparison of reconstructed 3D images with and without gating and co-registration. A
close to midsagittal view of an E14.5 embryo, with anterior (A) and posterior (P) marked. a)
Reconstructed image without any respiratory gating with obvious motion artifacts. b)
Alleviation of motion artifacts from respiration with rejection of k-space lines contaminated
by motion, allowing the visualization of several structures such as spinal cord (SC), third
ventricle (3V), choroid plexus (CP), hind limb (HL), and facial features (FF). c) Sharper
resolution, especially of vascular features, such as the basilar artery (BA), obtained by co-
registration of all the acquired volumes recovered with the use of a rigid-body registration
step. d) Respiratory motion characterization with SG signals. Data above the threshold line
are excluded from the reconstruction.
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Fig. 3.
Mid-sagittal views of E10.5 (a), E12.5 (b) and E14.5 (c) embryos that show the difference in
contrast between the different types of tissue. For each stage a schematic inset is presented
to show the approximate position of the 2D transverse slices taken from the 3D images.
Abbreviations: aqueduct (Aq), choroid plexus (CP), fourth ventricle (4V), facial features
(FF), hypothalamus (HTh), lateral ventricle (LV), medulla oblongada (Med), mesencephalic
vesicle (Mes), mid-hind brain junction (MHB), neopallial cortex (NC), optic recess (OR),
thalamus (Th), third ventricle (3V).
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Fig. 4.
a) Segmentation of the ventricles at E10.5, E12.5 and E14.5. The dashed line represents the
lower limit of the head that was used for volumetric calculations. b) A chart showing the
volume of the head of the embryos together with the volume of the ventricles. The error bars
represent the standard deviation between different embryos. c) The ventricle-to-head volume
ratio decreases with increasing developmental stage.
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Fig. 5.
a) 3D MIPs show the developing vasculature. Individual embryos staged at E10.5, E12.5
and E14.5 are viewed dorsally (top panels) and from the side (bottom panels) showing the
increase in vascular pattern complexity at each developmental stage. b) MIPs highlighting
the cerebral vasculature of the developing mouse brain that is increasing in complexity from
E10.5 (top) to E14.5 (bottom). At E10.5 the jugular vein (JV), and the venous sinus (VS)
can be distinguished. At E12.5 and E14.5 additional arteries and veins can also be identified.
Abbreviations: basilar artery (BA), dorsal aorta (DA), facial vein (FV), heart (H), jugular
vein (JV), liver (L), nasal vein (NV), optical artery (OA), vena cava (VC), and venous sinus
(VS).
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Fig. 6.
a) MIPs of an E12.5 (top) and E14.5 (bottom) embryos highlighting the spinal cord and the
hind-limbs. B) Magnified views of the hind-limb at both stages, oriented to show the
anterior (A) to posterior (P) arrangement of the developing digits. At E12.5, there is
evidence of digits, which are separated by E14.5. c) The intersomitic vessels (ISV) can be
distinguished at the two stages from the mid-trunk region to the beginning of the tail.
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Table 1

Image acquisition parameters at different embryonic stages. All parameters are for a 3D GRE sequence with
gradient spoiling on the readout axis, and refocused phase encode axes (but without RF spoiling).

Embryonic stage E10.5 E12.5 E14.5

N (mice imaged) 6 5 7

Flip angle (°) 20 20 20

TR (ms) 50 50 50

TE (ms) 20 20 20

Acquisition matrix (min) 100 × 100 × 70 120 × 100 × 70 130 × 100 × 90

Acquisition matrix (max) 150 × 126 × 70 130 × 100 × 90 150 × 110 × 100

FOV (mm, min) 10.0 × 10.0 × 7.0 12.0 × 10.0 × 7.0 13.0 × 10.0 × 9.0

FOV (mm, max) 15.0 × 12.6 × 7.0 13.0 × 10.0 × 9.0 15.0 × 11.0 × 10.0

NVOL (min - max) 16 – 24 12 – 24 12 – 20

Resolution (μm) 100 × 100 × 100 100 × 100 × 100 100 × 100 × 100

TTOTAL (h, min) 1.5 1.9 1.9

TTOTAL (h, max) 3.3 3.3 3.2

TTOTAL (h, mean ± SD) 2.2 ± 0.7 2.5 ± 0.5 2.6 ± 0.6
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