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Abstract
Magnetic resonance (MR) microscopy has enormous potential for small animal cardiac imaging,
because it is capable of producing volumetric images at multiple time points to accurately measure
cardiac function. MR has not been used as frequently as ultrasound to measure cardiac function in
the small animal because the MR methods required relatively long scan times, limiting throughput.
Here, we demonstrate 4D radial acquisition in conjunction with a liposomal blood pool agent to
explore functional differences in three populations of mice: 6 C57BL/6J mice, 6 DBA/2J mice, and
6 DBA/2J CSQ+ mice, all with the same gestational age and approximately the same weight.
Cardiovascular function was determined by measuring both left ventricular and right ventricular end
diastolic volume, end systolic volume, stroke volume, and ejection fraction. Statistical significance
was observed in end diastolic volume, end systolic volume, and ejection fraction for left ventricular
measurements between all three populations of mice. No statistically significant difference was
observed in stroke volume in either the left or right ventricle for any of the three populations of mice.
This study shows that MR imaging is capable of efficient, high-throughput four-dimensional
cardiovascular phenotyping of the mouse.
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Introduction
Ultrasound, computed tomography (CT), and magnetic resonance imaging (MRI) are all
competing modalities for cardiac imaging in the clinical arena. Scaling these techniques to the
mouse is challenging because compared to humans, the mouse is 3000-times smaller by weight,
the mouse heart beats 10-times faster, and the mouse breathes 5-times faster. Ultrasound is the
most widely used method for cardiac imaging in the mouse. While this method is technically
simple, precision and accuracy have been limited because the measurements are based on one-
dimensional or two-dimensional measurements that use model-based assumptions of heart size
to extrapolate to three-dimensional volumes (1–3). These assumptions can break down for
disease models and have low reproducibility, requiring large numbers of animals to obtain
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statistically significant results. Recent studies have been reported in CT, but the radiation dose
associated with CT can be problematic for longitudinal studies (4,5). MRI has been scaled to
the mouse and is becoming a popular alternative to ultrasound. More laboratories are able to
perform MRI on small animals, but applications thus far has been limited because acquisition
times are long and segmentation is not automated; and applications also depend on a skilled
operator of the imaging equipment. The vast majority of work in imaging the mouse heart with
MR has been performed in two dimensions (Table 1) (6–9), with only one publication noted
that presents a 3D technique for imaging (10). 3D imaging techniques in the clinical arena have
been shown to increase precision and accuracy of the functional cardiovascular measurements
(11–14). Likewise, moving to a 3D method for imaging the mouse heart should improve
precision and accuracy of cardiovascular measurements. And, the increase in signal-to-noise
ratio (SNR) could be used to reduce acquisition time. A 3D, higher spatial resolution imaging
technique that increases precision and accuracy should allow researchers to detect subtle
variations in cardiovascular phenotypes using much smaller populations of mice than was
previously feasible.

We report here an application of our previous technique of 4D radial cardiac imaging (15) to
a limited population of three different mice—wild type C57BL/6J mice, wild type DBA/2J
mice, and a genetically modified transgenic mouse model of heart failure, the DBA/2J CSQ+
mouse (generated by the cardiac-specific over-expression of the calcium binding protein
calsequestrin) (16). Even with a limited sample of mice (6 of each), we were able to detect
subtle variations in end diastolic volume, end systolic volume, and ejection fraction, and were
able to find statistically significant differences in the cardiovascular function of the three
populations of mice, which have not previously been reported.

Methods
All MR studies were performed at the Duke Center for In Vivo Microscopy on a 7T, 120-mm
bore, Magnex magnet with a GE EXCITE console (EPIC 12.4; GE Medical Systems,
Milwaukee, WI). The system employs Resonance Research (Billerica, MA) shielded gradient
coils that provide a maximum gradient strength of 770 mT/m and slew rate of 6160 mT/m/ms.
The gradients are driven by high-power (12 KW) amplifiers (Copley Controls Model 266).
The radiofrequency (RF) front-end of the GE console has been modified for operation at higher
field through a second synthesizer and RF mixer that provide both up and down conversion in
the RF chain via sum and difference signals. The strong gradients with high slew rates, high
duty cycle, and high power amplifiers are critical for achieving the very short repetition times
over small fields of view required for efficient acquisition.

A specially designed cradle anesthesia nose cone was integrated with a 3.2 cm quadrature
birdcage coil designed by m2m Imaging Corp. (Cleveland, OH) to maximize SNR and improve
efficiency of animal handling.

Pulse Sequence
A 3D localizer scan was performed to determine the orientation of the short axis of the left
ventricle of the mouse heart. Using the localizer scan, the 4D radial sequence was oriented
obliquely and the location of the short axis was defined by viewing the aortic root and acquiring
21 or more slices through the left ventricle of the heart.

The 4D radial encoding sequence has previously been described in detail (15). Briefly, the
sequence is prospectively cardiac-gated with radial encoding that samples the free induction
decay from a volume excitation (Figure 1A). Gradients along all three axes define radial
trajectories sampling the Fourier volume at multiple time points of the cardiac cycle. The
sequence supports a range of tradeoffs in coverage, acquisition time, and spatial and temporal
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resolution to produce 4D datasets. For the high-throughput challenges in these studies, we
chose a rapid acquisition protocol with anisotropic spatial resolution of 87 × 87 × 352 μm3 (2.7
nL) and a temporal resolution of 9.6 ms. The R-R interval was broken into 10–14 time points
(Figure 1B). The sequence was repeated through ~8000 heartbeats with a total acquisition time
of ~16 minutes. The end points of the 3D radial k-space were determined using a precalculated
geodesic table. Geodesic spheres are regularly used to characterize the earth and result in nearly
perfect isotropic sampling of the sphere. Because of the computational complexity involved
in calculating geodesic tables, the end points are predetermined and imported into the pulse
sequence using a wave table. Because radial acquisitions require π-times more views for
complete Nyquist sampling, this would increase scan time intractably. As a result, the 3D radial
space was undersampled by a factor of √2, requiring 32000 views per phase of the heart cycle.
Radial acquisitions are extremely robust to undersampling, and image quality was not
sacrificed. The sequence employs minimum TE (300 μs) and TR (2.4 ms) using a bandwidth
of ±125 kHz and a nominal flip angle of 45°.

Reconstruction and Data Processing
We employed a non-uniform fast Fourier transform (NUFFT) algorithm that addressed the
non-uniform sampling due to radial acquisition and the slope sampling at the same time.
NUFFT uses a least squares optimized kernel for interpolation that provides a balance between
computation time and accuracy of interpolation to potentially allow fast and accurate results
(17–19). Reconstruction time for each 3D dataset took approximately 30 seconds, and for a
typical high-throughput 4D image reconstruction, the total reconstruction time was 5 minutes
for the entire 4D array.

Both right and left ventricular volumes were calculated using a segmentation algorithm
available with ImageJ <http://rsb.info.nih.gov/ij/>. 3D short integer stacks were imported into
ImageJ, where the images were cropped to include only slices through the ventricle of interest.
The top of the left ventricle was defined as the slice after the aortic root, which was visualized
in all datasets. The top of the right ventricle was determined by the appearance of the right
atria. Great care was taken in excising only the right ventricle as the data was acquired in the
short axis plane of the left ventricle (Figure 2). Both the left and right ventricles were excised
using threshold segmentation, and the total number of voxels of the left ventricle were
calculated and multiplied by voxel volume to obtain volumetric measurements.

To determine the location of end diastolic volume (EDV) and end systolic volume (ESV) for
each population of mice one mouse was selected to calculate ventricular volume at all phases
of the heart cycle. Using the representative mice, ED was found to occur at the first phase of
the heart cycle, whereas ES occurred at the sixth phase of the heart cycle ~50 ms after the QRS
wave.

Calculated values of EDV, ESV, stroke volume (SV), and ejection fraction (EF) for both left
and right ventricle data were imported into SAS where ANOVA and ANOVA contrast analysis
were performed. For the contrast analysis, all combinations of 2 populations of mice were
compared for each measurement to verify that statistical differences obtained with ANOVA
analysis were significant for each group of mice. Because the population of mice was small,
statistical significance was determined to occur when p <0.01. All p-values are reported in the
manuscript.

Data shown in this manuscript is available to the interested reader at CIVMSpace,
<http://www.civm.duhs.duke.edu/mrm200902/index.html>, a web portal for data-sharing and
collaboration at the Center for In Vivo Microscopy.
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Contrast Agent
The liposomal blood pool agent used for this work has been described in detail (20). Briefly,
a lipid mixture consisting of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (Genzyme
Corporation, Cambridge, MA), cholesterol (Sigma, St. Louis, MO) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(poly(ethylene glycol))-2000] (Genzyme
Corporation) in the ratio 55:40:5 was dissolved in ethanol at 60°C. The mixture was then
hydrated with 0.5 mol/L gadodiamide solution (Omniscan® trademark of GE Healthcare,
Milwaukee, WI) and stirred at 60°C. The resulting solution was sequentially extruded on Lipex
thermoline extruder (Northern Lipids, Vancouver, BC, Canada) with 3 passes through 200 nm
Nuclepore membrane (Whatman, Newton, MA), 4 passes through 100 nm membranes, and 10
passes through 50 nm membrane. The external phase was then cleaned using a MicroKros
module (Spectrum Laboratories, Inc., Rancho Dominguez, CA) of 400-kDa cutoff.

The size distribution of the liposomes in the final formulation was determined by dynamic light
scattering (DLS) using a ZetaPlus Analyzer (Brookhaven Instruments, Incorporated, Chapel
House, UK). The resultant size of liposomes as determined using DLS was 72 nm with a
polydispersity index of 0.12. The concentration of gadolinium (Gd) in the liposomal Gd
formulation was quantified using inductively coupled plasma optical emission spectroscopy
(ICPOES; Model Optima 4300D, Perkin Elmer, Norwalk, CT) operating at a wavelength of
336.223 nm. The concentration of gadolinium was 35.4 mM.

The liposomal-Gd agent used in this study has previously been optimized for use in small
animal imaging. The use of small particles results in an improved relaxivity for this nanoparticle
contrast agent (21). Upon in vivo administration, the agent has demonstrated uniform and stable
signal enhancement for an extended period, thus enabling a longer time window for acquisition
of high-spatial resolution images (22), (23). A stable and consistent CNR is obtained within
minutes after equilibration of the liposomal-Gd within the blood pool. Further, the presence of
polyethylene glycol (PEG) on the liposome surface and the sub-100 nm size of these particles
results in a long in vivo half-life (~18 hours) of the liposomal-Gd agent (24) (25).

Animal Handling and Preparation
All animal studies were approved by the Duke University Institutional Animal Care and Use
Committee. A total of 18 mice were used in this study—6 C57BL/6J mice, 6 DBA/2J mice,
and 6 DBA/2J CSQ+ mice. All animals were approximately the same age and weight. The
DBA/2J CSQ+ mice were genetically modified to over-express calsequestrin causing
hypertrophy of all four chambers of the heart, resulting in heart failure (16). All animals were
induced with isoflurane and given a tail vein injection of liposomal Gd contrast agent at a dose
of 0.2 mmol/kg resulting in an average injection of 0.12 mL. Animals were free breathing and
were maintained under anesthesia using an isoflurane nose cone (26). The ECG and breathing
rate of the animals were monitored using an SA Instruments Inc. (Stony Brook, NY) system.
Heart rate was maintained between 450 and 550 beats per minute by adjusting the mixture of
isoflurane and O2. A rectal temperature probe was used to monitor core body temperature in
the magnet and was adjusted to maintain stable body temperature (37 ± 0.5°C) throughout the
studies. After completion of the studies, the DBA/2J and DBA/2J CSQ+ mice were survived
for 4 weeks to verify survival after the MRI study.

Results
Representative images obtained at diastole and systole for three mice are displayed in Figure
2. Figure 2A shows the short axis view for diastole (top left) and the short axis view for systole
(top right) for one of the six C57BL/6J mice. Below the short axis view is the long axis view
for diastole and systole, respectively, for the same mouse. Despite the anisotropic acquisition
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(87 × 87 × 352 μm3), the long axis view displays systole and diastole with minimal artifacts.
Figure 2B shows the short axis view for diastole (middle left), and systole (middle right) for
one DBA/2J mouse. Below the short axis images in Figure 2B are the long axis images for
both diastole and systole, respectively, for the same mouse. Qualitative differences in the size
of the heart are seen between the C57BL/6J and DBA/2J mouse. Systolic volumes for the DBA/
2J mouse are smaller than systolic volumes for the C57BL/6J mice. Figure 2C shows the short
axis view for diastole (bottom left) and systole (bottom right) for a DBA/2J CSQ+ mouse.
Located below the short axis images are the long axis images of both diastole and systole for
the same mouse. Qualitative differences in heart size and end systolic volume between the wild
type sibling (DBA/2J mouse in Figure 2B) and the genetically modified DBA/2J CSQ+ mice
are readily observable. The heart size of the DBA/2J CSQ+ is larger than the C57BL/6J mouse,
as well, and the difference between systole and diastole (ejection fraction) is much smaller for
the DBA/2J CSQ+ than either of the other two mice.

The robustness of segmentation depends on high SNR and CNR images. The SNR of the blood
and CNR between the blood and myocardium are plotted for each mouse strain (Figure 3). The
high SNR and CNR for all 18 datasets highlight the reproducibility and robustness of the
technique. Because liposomal Gd contrast is used, flow artifacts due to blood turbulence are
not present in any phase of the cardiac cycle, thereby enabling semiautomated threshold
segmentation of both the left and right ventricles.

Because of the high CNR and SNR images, we were able for all 18 mice to segment both right
and left ventricles for diastole and systole. Figure 4 shows the segmentation of a typical dataset.
Figure 4A shows the top of the left ventricle, Figure 4B a mid-ventricular slice, and Figure 4C
shows the apex of the left ventricle, along with the semi-automated volumes chosen through
thresholding. Figure 4D shows segmentation of the top of the right ventricle, Figure 4E shows
segmentation of the right mid-ventricular slice, and Figure 4F shows the segmentation of the
apex of the right ventricle.

Following threshold segmentation, a voxel count was performed and multiplied by voxel
volume to obtain measurements of end diastolic volume (EDV), end systolic volume (ESV),
ejection fraction (EF), and stroke volume (SV) for both right and left ventricles of all 18
datasets. The results are shown in Table 2. The DBA/2J CSQ+ mouse had the largest left
ventricular EDV at 76.4 ± 10.0 μL and the DBA/2J had the smallest left ventricular EDV at
41.0 ± 7.5 μL.

The segmented volumes of both the left and right ventricle were volume-rendered using ImageJ
(see Figure 5). Figure 5A shows left ventricular diastole, followed by left ventricular systole,
then followed by right ventricular diastole and right ventricular systole for one of the six
C57BL/6J mice. Figure 5B shows both diastole and systole for the left and right ventricle of
one DBA/2J mouse, and Figure 5C shows diastole and systole for the left and right ventricle
of one DBA/2J CSQ+ mouse. 3D visualization makes it easier to appreciate both volume and
shape differences between systole and diastole and between strains.

To determine the reproducibility of segmentation of the datasets, one of the lowest SNR DBA/
2J datasets was segmented six times for both left and right ventricular volumes to determine
the variability associated with segmentation (Table 2, row 1). For the left ventricular
segmentation, coefficient of variability of the EDV, ESV, SV, and EF was 0.015, 0.044, 0.022,
and 0.014. For right ventricular segmentation, the coefficient of variability in segmentation of
the EDV, ESV, SV, and EF was 0.022, 0.109, 0.054, and 0.044. Variability in segmentation
was approximately two-times higher for the right ventricle because the delineation of atria and
ventricle were more subjective and the orientation was not in the short axis plane of the right
ventricle. The variability seems independent of the volume size (systole or diastole), because
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the smaller ESV of the DBA/2J had approximately the same standard deviation as the EDV
for the same mouse for both the right and left ventricular measurements. Table 2 shows the
calculated values of ventricular function for the independently segmented datasets. The
variability associated with left ventricular segmentation of one dataset (six times) was 10% of
the inter-specimen variability. The variability associated with right ventricular segmentation
was 20% of the inter-specimen variability. Calculation of EF is dependent on both error of
systolic and diastolic measurements, and therefore, it is expected for this error to increase. Left
ventricular (LV) EF segmentation variability was 20% of the inter-specimen variability while
right ventricular (RV) EF segmentation variability corresponded to 50% of the inter-specimen
variability.

ANOVA and ANOVA contrast analysis were performed on the three populations of mice to
determine statistically significant differences. The results of the ANOVA analysis and
ANOVA contrast analysis for each group are presented in Figure 6. An asterisk (*) indicates
statistical significance between groups (p<0.01). ANOVA analysis indicated differences
between mice were statistically significant for LV EDV (p<0.0001), LV ESV (p<0.0001), LV
EF (p<0.0001), RV EDV (p<0.004), RV ESV (p<0.0001), and RV EF (p<0.0004). For all three
populations of mice, the SV for both right ventricle and left ventricle did not show any
significant difference, but the EF for the right ventricle was lower than the EF for the left
ventricle for both the C57BL/6J and the DBA/2J mouse. Importantly, left ventricular EF in the
DBA/2J CSQ+ mouse was markedly lower (p<0.0001) than the other two normal mice,
indicating severe dilated cardiomyopathy. Left ventricular EDV, ESV, and EF were
statistically significantly different for all three populations of mice (p<0.007), while only right
ventricular ESV was statistically significantly different for all three populations (p<0.005).
Only the CSQ+ mouse had a statistically significant difference in right ventricular EDV
(p<0.007), and only the DBA/2J wild type mice had a statistically significantly higher EF
(p<0.002) than either C57BL/6J or DBA/2J CSQ+ mice. The increased variability associated
with the measurement of right ventricular function could contribute to the reduced ability to
make statistically significant conclusions between populations of mice.

Discussion
A need exists for an imaging tool that allows rapid phenotyping of the mouse heart with the
ability to make statistically significant conclusions on the smallest population of mice possible.
The main competitors in the microscopy market are ultrasound, MRI, and microCT. MicroCT
has high contrast-to-noise, but the ability to perform routine cardiovascular measurements is
limited, because only two research centers are capable of performing cardiovascular
measurements (27,28), and the ability to perform longitudinal studies is even more limited due
to animal-handling requirements and radiation dose. Ultrasound is the most commonly used
imaging modality for imaging the mouse heart because it is very fast and capable of performing
multiple longitudinal studies, but the 1 and 2D measurements have very low reproducibility
with high error in measurements and as a result, a large population of animals is required to
generate statistical significance. Furthermore, small changes in heart function that might be
observed between two wild type populations may never generate statistically significant
differences using ultrasound simply because the error in the measurements for ultrasound is
so great. Magnetic resonance microscopy has excellent soft tissue contrast, but thus far, has
suffered from limited temporal resolution and long acquisition times, significantly decreasing
throughput. Decrease in throughput reduces the ability to perform longitudinal studies on a
population of mice required to generate statistically significant results.

The 4D technique presented here supports rapid (16-minute) 4D images of the whole heart at
high spatial resolution of 87 × 87 × 352 μm3 and high temporal resolution (9.6 ms). This
represents a reduction in acquisition time by a factor of 4 with a simultaneous increase in spatial
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resolution by a factor of 3 over previously published techniques (6–10). The blood pool agent
reduces flow related artifacts in bright blood imaging that compromise segmentation (9) and
increases the SNR of the blood pool relative to myocardium. This SNR increase allows for
short TE imaging that results in higher spatial resolution with faster acquisition time,
significantly improving ability to perform rapid cardiovascular phenotyping of the mouse. The
high contrast-to-noise and signal-to-noise of the images allows routine semi-automated
threshold segmentation with very low coefficient of variability (e.g. 1.5% LV EDV, and <5%
for RV EF). While segmentation of the right ventricles is more susceptible to error due to data
acquisition along the short axis of the left ventricle, measurements of right ventricular function
obtained from left ventricle short axis images produce small enough variability to generate
statistically significant results. Because of the high spatial resolution, small differences in
cardiovascular function can be determined to be statistically significant for fewer animals than
would be possible with an ultrasound study. Left ventricular mass was not measured as the
DBA/2J and DBA/2J CSQ+ mice were survived to verify the potential for longitudinal studies
in hypertrophic animals. Future work would benefit from including this parameter as a means
for measuring accuracy of this 4D imaging technique.

The results of this study indicate that the C57BL/6J mouse has a slightly hypertrophic heart
compared to the DBA/2J wild type mouse. The C57BL/6J mice as compared to the DBA/2J
have larger hearts with higher EDV (p<0.0066), ESV (p<0.0019), and lower EF (p<0.0005),
while SV remains statistically insignificantly different. The transgenic DBA/2J CSQ+ mice
were shown to be significantly hypertrophic compared to either the C57BL/6J (p<0.0003) or
the DBA/2J (p<0.0001) for both EDV and ESV; with statistically significant lower EF than
either the DBA/2J (p<0.0001) or C57BL/6J (p<0.0001) mice. As expected, stroke volume was
preserved in the DBA/2J CSQ+ mice—consistent with the known mechanisms of adaptation
in dilated cardiomyopathy, which results in marked increases in chamber volumes allowing
for maintenance of stroke volume in the normal range.

Conclusion
A 4D radial acquisition was applied to a population of 18 mice representing 3 different strains:
6 C57BL/6J wild type mice, 6 DBA/2J wild type mice, and 6 DBA/2J CSQ+ heart failure mice.
The 4D acquisition with high spatial resolution (87 × 87 × 352 μm3), high temporal resolution
(9.6 ms), and fast acquisition time (16 minutes) allowed for rapid measurement of heart function
in all 18 mice for both left and right ventricular volumes. The high spatial and temporal
resolution increased the reproducibility of the technique allowing rapid phenotyping of the
mouse models. Using the liposomal Gd contrast agent allowed for high CNR and SNR images
that could be reliably segmented with a semi-automated threshold segmentation algorithm in
ImageJ. The relatively small population size used in the study was enough to determine
statistical significance between all three groups for EDV, ESV, and EF for the left ventricle
and ESV for the right ventricle. SV was not found to be statistically significant for any of the
three populations of mice between either left or right ventricle. Right ventricular heart function
indicated that the DBA/2J mouse was statistically lower for EDV and statistically higher for
EF than the other two mouse populations. This technique represents a significant step forward
in characterization and quantification of heart function for application to cardiovascular
phenotyping using MRI.
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Figure 1.
(A) The gradient and RF waveforms for the 4D radial acquisition (4DRA) sequence. The
trajectories through the Fourier volume are depicted in B). The prospective cardiac gating
strategy used yields 9.6 ms temporal resolution. (B) Each color represents the cardiac phase
being acquired, so for one heartbeat, four radial views were acquired per phase of the heart
cycle, requiring a total of 8000 heartbeats for a complete acquisition.
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Figure 2.
The short and long axis left ventricular view for both diastole and systole are displayed for one
of the six C57BL/6J mice (A), a DBA/2J mouse (B), and a DBA/2J CSQ+ mouse (C), which
is a genetically modified mouse model of heart failure. In all three cases, the short axis view
is on top and immediately below is the long axis image. The images on the left show diastole
and the images on the right show systole.
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Figure 3.
Mean SNR of the blood and mean CNR between blood and myocardium are plotted for each
strain of mouse for all 18 datasets. Standard deviation for the 18 datasets is also displayed to
show the robustness of the imaging technique. Images are routinely acquired with high SNR
and CNR.
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Figure 4.
The high contrast-to-noise ratio allows easy semi-automated threshold segmentation of both
the left ventricles (LV) and right ventricles (RV) for each of the 18 mice used in this study.
Segmentation is shown for one C57BL/6J mouse, with left ventricular segmentation (A, B,
and C), and right ventricular segmentation (D, E, and F). Segmentation of the top of the LV
can be seen in (A), while (B) represents segmentation of a mid-ventricular slice through the
LV, and (C) shows the apex of the LV. As images were acquired in the LV short axis plane,
care was taken when segmenting out the top of the RV (D), as the delineation between right
atria and ventricle must be hand-segmented. Mid-ventricular segmentation of the RV (E) is
straightforward, as is the apex of the RV (F).
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Figure 5.
An example dataset for each of the three strains of mice evaluated in this paper that were
threshold-segmented. Volume rendering was performed using ImageJ to show the excised left
and right ventricles for both systole and diastole for one (A) C57BL/6J mouse, (B) a DBA/2J
mouse, and (C) a DBA/2J CSQ+ mouse.
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Figure 6.
The calculated values in Table 2 show mean, as well as standard deviation. An asterisk*
indicates all significant results (p<0.01) as determined by ANOVA contrasts.
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