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MYOCARDIAL INFARCTION

CINE-MR Imaging of the Normal and Infarcted Rat
Heart Using an 11.7 T Vertical Bore MR System
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ABSTRACT
MR imaging is uniquely placed to non-invasively study rodent cardiac structure and function.
High-field MR scanners commonly have a vertical bore, and the purpose of this work was to
demonstrate CINE-MR imaging in normal and infarcted rat hearts after determining hemodynamic stability when positioned vertically for imaging. Optimisation of imaging parameters was
carried out prior to assessment of cardiac function in a group of normal and infarcted rat hearts.
Rat hemodynamics were unaltered when vertical for 90 minutes, compared with horizontal
measurements and rat cardiac parameters were measured accurately and reproducibly with our
optimized CINE-MR protocol. A flip angle of 17.5◦ was shown to provide optimal contrast for
the assessment of structure and function, and, in contrast to our findings in mice, respiratory
gating was not found to be essential. Hence, we conclude that vertical bore MR systems can be
used to measure in vivo cardiac function in normal and infarcted rat hearts.

INTRODUCTION
Heart disease and subsequent heart failure is the greatest
cause of mortality in the developed world (1, 2). Animal models,
genetic models in mice, and other models in rats are key to the
study of the cellular mechanisms leading to heart disease and
allow the study of possible therapeutic interventions (3–9).
Magnetic resonance (MR) imaging enables the accurate evaluation of animal heart disease models (8, 10–12).
High-resolution imaging provides measures of cardiovascular
anatomy, and when combined with CINE imaging techniques,
permits the investigation of cardiac functional parameters, such
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as ejection fraction and cardiac output (13). Also, the noninvasive nature of MR imaging is ideally suited for the longitudinal monitoring of the development of cardiac abnormalities
and allows the structural and functional changes that occur in
heart failure to be monitored (14).
Cardiac MR studies in rats have traditionally been performed
using MR systems with horizontal bores and field strengths ≤7 T
(11, 14, 15–26). However, experimental high-field MR systems
are commonly built with a vertical bore, which is the preferred
design for spectroscopic experiments in isolated, perfused organs (7). The higher magnetic field strength of such systems
leads to an increased signal to noise ratio (SNR), which can improve spatial and temporal resolution or reduce total scan times,
allowing greater throughput. For in vivo studies on vertical bore
MR systems, animals have to be positioned in an upright position (head up), which may affect hemodynamics. There were no
hemodynamic effects in mice placed in a vertical position for
MR assessment for over an hour (27). However, the effect of
placing a larger animal, such as the rat, in a vertical position is
unknown, although it is thought that such a study in larger mammals and in humans would be impractical because orthostasis
would reduce venous return, LV volumes and cardiac output
(28).
Hemodynamic stability in vertically positioned rats would
allow cardiovascular studies in high-field, vertical bore systems and would allow direct comparisons between structural
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and functional data acquired in imaging experiments and spectroscopic information available from studies of in vivo or isolated
perfused hearts. Consequently, we have determined whether rats
are hemodynamically stable in a vertical position over 90 minutes, a time appropriate for a full MR assessment of cardiac
structure and function. We implemented a CINE-MR protocol
on an 11.7 T MR system with a vertical bore and investigated
optimal acquisition parameters and physiological gating strategies. The MR protocol in normal Wistar rats provided CINE-MR
images at a high spatial and temporal resolution. We have also
studied Wistar rats after myocardial infarction to demonstrate
the feasibility of the technique to study animals with abnormal
cardiac function.

MATERIALS AND METHODS
Animals
All animals were obtained from a commercial breeder
(Harlan, United Kingdom) and kept under controlled conditions
for temperature, humidity and light, with chow and water available ad libitum. All investigations conformed to Home Office
Guidance on the Operation of the Animals (Scientific Procedures) Act, 1986 (HMSO) and to institutional guidelines.

Hemodynamic stability
Five male Wistar rats (body weights =432 ± 24 g) were anesthetized with isoflurane and the left ventricle cannulated via the
right carotid artery using a 1.4F Millar Mikro-tip cannula, especially adapted for use in the rat. Isoflurane was maintained
at 1.0–1.5%. Following 15 minutes equilibration (such that stable and reproducible readings were obtained), left ventricular
haemodynamic indices, heart rate (HR), left ventricular diastolic pressure (LVDP), left ventricular systolic pressure (LVSP)
and rate of change of pressure (dP/dt) were recorded. Measurements were obtained using a pressure transducer attached to
the cannula connected to a Powerlab/4SP recorder (ADInstruments, Oxfordshire, United Kingdom). Recordings were made
for 10 minutes in the horizontal supine position, after which the
animals were tilted into a vertical position (head-up) to simulate conditions in the magnet, for a further 90 minutes. Body
temperature was maintained at 37◦ C throughout.

MR-CINE imaging
Anesthesia was induced in a chamber using 4% isoflurane
in 100% oxygen. Animals were positioned supine in a purposebuilt rat holder and maintained on 2% isoflurane at 2 L/min
oxygen flow throughout the MRI experiments. The cradle was
designed for positioning rats vertically in the magnet and comprised an in-built nose cone, lines for the delivery and scavenging of anesthetic gases, temperature control and ECG and respiratory monitoring. Temperature was maintained via warm air
that flowed through a home-built heat-exchanger placed within
the animal holder and above the coil in the magnet. An ECG
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and respiratory gating device, developed in-house, was used for
monitoring heart and respiration signals (29). ECG signals were
obtained from two needles subcutaneously inserted in the fore
limbs and respiratory signals from a wire loop loosely fitted on
the chest and abdomen of the animals. Rats were secured within
the holder using surgical tape, without compressing their abdomen or chest. Additional support for the head was provided
by a surgical thread tooth loop attached to the nose-cone. All
animals were euthanized after the MRI examinations and their
hearts were excised and weighed. Imaging experiments were
carried out on an 11.7 T (500 MHz) MR system comprising a
vertical magnet (bore size 123 mm—Magnex Scientific, Oxon,
United Kingdom), a Bruker Avance console (Bruker Medical,
Ettlingen, Germany) and a shielded gradient system (548 mT/m,
rise time 160 µs) (Magnex Scientific). A birdcage coil with an
inner diameter of 60 mm (Bruker Medical, Ettlingen, Germany)
was used to transmit/receive the NMR signals.
The normal high-resolution magnetic resonance cine imaging protocol started with the acquisition of scout images, for the
long and short-axis orientation of the heart, using a segmented
cardiac-triggered and respiration-gated FLASH-sequence (31).
The coil was then tuned and matched, followed by slice-selective
shimming and a flip-angle calibration. CINE-MR images were
then acquired in nine to ten contiguous slices (slice thickness
1.5 mm) in the short-axis orientation covering the entire heart,
using a frame interleaved FLASH imaging sequence. The imaging parameters were: FOV (51.2 mm)2 , matrix size 256 × 256,
TE/TR = 1.43/4.6 ms, 17.5◦ Gaussian excitation pulse. The sequence was ECG-triggered and respiratory gated. Between 28
and 40 frames per heart cycle and two to four phase-encoding
steps per respiration cycle were acquired in a segmented fashion (12) resulting in a total experimental time, including experimental preparation of approximately 75 minutes in the vertical
position.

Data analysis
Image reconstruction was performed using purpose-written
software in Matlab (Mathworks, Natick, Maryland, USA). Raw
data were isotropically zero filled by a factor of two and filtered
(modified 3rd order Butterworth filter) prior to Fourier transformation, resulting in an in-plane voxel size of 100 × 100 µm.
All image data were exported into TIFF-format and loaded into
Scion Image (Scion Corporation, Frederick, Maryland, USA).
End-diastolic and end-systolic frames were selected according
to maximal and minimal ventricular volumes. In both frames,
the epicardial border was outlined first using the free hand drawing function of Scion Image. The LV cavity was then segmented
by thresholding. The number of voxels in each compartment
multiplied by the pixel size of 0.015 mm3 yielded the respective
volumes. LV mass was obtained by multiplying the volume by
the specific gravity of myocardial tissue (1.05 g/cm3 ). Based on
end-systolic (ESV) and end-diastolic (EDV) volumes, all parameters characterizing cardiac function, such as stroke volume
(SV = EDV-ESV), ejection fraction (EF = SV/EDV) and cardiac output (CO = SV × heart rate) were calculated (12).
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Assessment of sequence parameters
and gating strategy
To assess the optimum flip angle and gating strategy to be
used in subsequent experiments, the following measurements
were made on 3 male Wistar rats (body weights = 320 ± 10 g).
To measure the flip angle required to optimize the contrast between skeletal muscle, left ventricular myocardium (LVM) and
lumen, CINE-MR imaging was performed on a mid-ventricular
short axis slice at six different flip angles varying from 5 to 30◦ .
In the post-processed data, the signal to noise ratio (SNR) from
a region of interest (ROI) within each tissue type was measured
and plotted to indicate the flip angle that provided optimal contrast.
In order to investigate the need for respiration gating at this
field strength, cine imaging was performed under various gating
and acquisition strategies: ECG gated only (1 average) and ECG
and respiratory gated with steady state preparation using 3 heart
cycles after each respiratory event (1 average). These strategies
were repeated with 4 and 8 averages, respectively, to generate
2 sequences with approximately the same acquisition time for
comparison. For all experiments the imaging parameters were
as described above.

Validation of technique
To validate and assess the accuracy and reproducibility of
CINE-MR imaging in the vertical position, 6 female Wistar rats
(body weights = 263 ± 7 g) were imaged using the protocol
described above. To assess the reproducibility of our method,
segmentation of the high-resolution cine data was performed
by two independent observers (DJT and JES) and twice by one
observer (DJT).

Statistics
All data were analyzed using single factor ANOVA, and statistical significance was considered at p < .05.

RESULTS
Assessment of hemodynamic stability
Figure 1 shows that the LVSP, LVDP, HR and dP/dt were
the same in the horizontal position, and at 10, 60 and 90 minutes after the animal was placed in a vertical position. Thus, rat
hemodynamics were normal and stable in a vertical position for
at least 90 minutes.

MR-CINE imaging technique
Assessment of sequence parameters
and gating strategy
Figure 2 shows the normalized signal intensity measurements
from the skeletal muscle, left ventricular myocardium and lumen
for flip angles between 5 and 30◦ . The SNR of the lumen was
maximal at approximately 25◦ , the myocardium at between 15
and 20◦ and the skeletal muscle at approximately 10◦ .
Figure 3 shows the images acquired with (a) no respiration
gating and one average, (b) respiration gating and one average,
(c) no respiration gating and 8 averages and (d) respiration gating
and 4 averages. The acquisition acquired without respiratory
gating (Fig. 3a) showed high levels of periodic image artefact
caused by the respiratory motion. This periodic noise was not
present in the image acquired with respiratory gating (Fig. 3b),
but the image is limited by a low SNR. The images obtained
with four and eight repetitions (Figs. 3c & 3d) had low artefact
levels and high image quality.

Validation of technique
Cardiac function in a rat model
of myocardial infarction
Six male Wistar rats (body weights = 360 ± 20 g) were
subjected to myocardial infarction, as described previously (6),
and 4 male Wistar rats (body weights = 370 ± 30 g) received
sham operations. Anesthesia was induced using 4% isoflurane
in 100% oxygen. Rats were intubated and ventilated with 2%
isoflurane, 70 breaths per minute, stroke volume 2.5 mL (HugoSachs MiniVent type 845, Harvard Apparatus, Edenbridge, UK).
To minimize cardiac arrhythmias, lignocaine (10 mg/kg) was
given intramuscularly immediately before surgery, and again
two hours after infarction. A thoracotomy was performed in
the 4th intercostal space, and a 5/0 Proline suture tied around
the left anterior descending coronary artery a few millimetres
from its origin (not in the sham operated animals). Subcutaneous buprenorphine (0.2 mg/kg) was given for pain relief, with
subcutaneous saline and post-op warming to aid recovery. Eight
weeks after infarction, all animals were imaged using the CINEMR procedure described above.

Figure 4 shows typical mid-ventricular end-diastolic and endsystolic CINE-MR frames from one rat. The image quality and
the contrast between myocardium, blood and surrounding tissue
allowed easy segmentation of the different regions. In the shortaxis images, the left and right ventricular walls could be identified, and the endocardial and epicardial borders were clearly
delineated. In the long-axis view, all four heart-chambers and
the major thoracic vessels were visible.
Cardiac functional parameters and LV mass measurements
are given in Table 1. There was no statistically significant difference between end-diastolic and end-systolic mass. Table 1
also shows that the inter-observer and intra-observer variability
for all analyzed parameters was less than 5%, indicating that
quantitative analysis of the images was highly reproducible.

Cardiac function in a rat model of myocardial
infarction
Figure 5 shows mid-ventricular, end-diastolic, and endsystolic frames from an infarcted rat heart in short and long
axis orientations. The arrows in Figures 5b and d indicate wall
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Figure 2. End diastolic short axis images acquired with a flip angle
of (a) 5◦ , (b) 17.5◦ and (c) 30◦ . (d) Variation of the acquired signal to
noise ratio (SNR) in the cardiac lumen, left ventricular myocardium,
and the skeletal muscle at a range of flip angles from 5◦ to 30◦ . Error
bars indicate the SEM.

Figure 1. Cardiac hemodynamics : (a) left ventricular systolic pressure, (b) left ventricular diastolic pressure, (c) heart rate and (d) rate
of change of developed pressure (dP/dt) in the horizontal position
at 0 minutes and in the vertical position at 10, 60 and 90 minutes.
Error bars indicate the SEM.
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Figure 3. Images obtained under different acquisition strategies;
(a) no respiration gating & 1 average, (b) respiration gating & 1
average, (c) no respiration gating & 8 averages and (d) respiration
gating & 4 averages.
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Figure 4. Typical images obtained in a mid ventricular slice of a
normal Wistar rat. (a) Short axis orientation at end diastole, (b)
short axis orientation at end systole, (c) four chamber long axis orientation at end diastole and (d) four chamber long axis orientation
at end systole.

thinning in the infarcted region of the left ventricle. These images
show reduced myocardial contraction in systole and left ventricular dilation in diastole. Quantitative analysis, shown in Table 2,
revealed a 2.8 fold increase in the systolic volume, leading to
an 18% reduction in the ejection fraction of the infarcted hearts.

Figure 5. Typical image quality obtained in a mid ventricular slice
of an infarcted Wistar rat heart, 8 weeks after infarction. (a) Short
axis orientation at end diastole, (b) short axis orientation at end
systole, (c) four chamber long axis orientation at end diastole and
(d) four chamber long axis orientation at end systole. White arrows
indicate the region of infarction.

However, the cardiac output was the same for all hearts due to
an increase in the end diastolic volume in the infarcted hearts.

DISCUSSION
Table 1. Cardiac parameters measured in normal rats and
inter-observer and intra-observer variability measurements

Body Weight (g)
End Diastolic
Weight (mg)
End Systolic
Weight (mg)
End Diastolic
Volume (µL)
End Systolic
Volume (µL)
Stroke Volume (µL)
Ejection Fraction (%)
Heart Rate (bpm)
Cardiac Output
(mL/min)
Heart to Body Weight
Ratio (×10−3 )

Measured
Parameters

Inter-Observer
Variability (%)

Intra-Observer
Variability (%)

263 ± 7
518 ± 15

—
3.1 ± 0.7

—
3.9 ± 1.0

541 ± 21

4.5 ± 0.9

3.9 ± 1.1

291 ± 16

2.4 ± 0.6

2.9 ± 0.6

59 ± 6

4.6 ± 1.2

3.4 ± 1.0

232 ± 17
80 ± 2
354 ± 10
82 ± 5

4.2 ± 0.8
1.8 ± 0.5
—
—

4.0 ± 0.8
1.5 ± 0.3
—
—

1.97 ± 0.06

—

—

Values are means ± SEM.

We have found that rats are hemodynamically stable positioned vertically for up to 90 minutes, which has allowed the
Table 2. Cardiac parameters measured in normal and infarcted rats
Sham Operated Animals Infarcted Animals
(n = 4)
(n = 6)
Body Weight (g)
End Diastolic
Weight (mg)
Heart to Body Weight
Ratio (×10−3 )
End Diastolic
Volume (µl)
End Systolic
Volume (µl)
Stroke Volume (µl)
Ejection Fraction (%)
Heart Rate (bpm)
Cardiac Output (µl/min)
∗p

371 ± 26
624 ± 39

360 ± 24
707 ± 23

1.69 ± 0.03

2.01 ± 0.14

309 ± 21

407 ± 18∗

50 ± 4

138 ± 21∗

259 ± 19
84 ± 1
399 ± 3
103 ± 7

270 ± 28
66 ± 5∗
379 ± 5∗
102 ± 9

< .05, Values are means ± SEM.
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use of an 11.7T vertical bore MR system to acquire accurate and
reproducible measurements of rat cardiac structure and function. We examined several acquisition strategies and developed
a protocol that allowed data acquisition at a high spatial and
temporal resolution.
The ability to use high-field, vertical bore experimental MR
systems for monitoring cardiac function in rats depends on
the vertical position not altering the animal’s normal physiology. The hemodynamic stability experiments demonstrated
that there was no alteration in rat cardiac pressures or heart
rate when placed in a vertical position for up to 90 minutes.
Thus, rats can be positioned vertically for cardiac MR imaging over the ∼75 minutes required for the imaging protocol.
This could allow the direct comparison of structural and functional information from in vivo imaging and energetic information from in vivo or isolated perfused heart 31 P spectroscopy
experiments.
We have used our vertical bore system to measure cardiac
structure and function in mice (12), but new problems were encountered in the acquisition of the ECG signals when imaging
rats due to magnetohydrodynamic effects (30). The large volume of blood, an electrically conductive fluid, flowing in the
rat aorta was sufficient to induce detectable voltages in the ECG
electrodes in the high magnetic field. These induced voltages often obscured the ECG. To overcome this problem, we modified
the ECG detection hardware to selectively filter, via differences
in frequency, the ECG signal to yield either the ECG or bloodflow induced signal. This provided the option of two separate
gating signals, both related to cardiac activity, although with a
temporal delay between them, from which we could trigger the
acquisition.
The contrast in bright-blood cine imaging is based on the
difference in the signals from the unsaturated magnetization of
the blood flowing into the imaging slice from the saturated magnetization of stationary tissues within the imaging slice. The
contrast between the left ventricular myocardium and the lumen
depended on the flip-angle and the repetition time. In our experiments, the repetition time was minimized to yield the highest
temporal resolution and the flip angle varied to provide the optimum image contrast. The maximum contrast between the left
ventricular myocardium and the lumen was found to be at 25–
30◦ (Fig. 2c). Such flip angles would maximize the contrast
solely for cardiac function. However, should the measurement
of left ventricular mass be required, a lower flip-angle would
be better because the SNR of the myocardial tissue is higher.
In our experiments, a flip angle of 17.5◦ (Fig. 2b) gave reasonable contrast between blood and myocardium and provided the
maximum SNR in the myocardium.
Our previous work in mice at this field strength showed that
the use of respiratory gating was essential to enable the acquisition of artifact free CINE-MR images (12). However, isoflurane anesthesia causes mice to breathe impulsively (“snatchbreathing”), which minimizes the time within a respiratory cycle
used for breathing, but increases the motional amplitude. We
have not observed this respiration in Wistar rats, in which respiration was shallower and faster than in mice. Consequently, the
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need for respiration gating was examined using several different
acquisition strategies.
The single average acquisition with no respiratory gating
showed significant artifacts that were not present in the single average respiratory-gated acquisition. However, due to the
low sensitivity of the RF probe, the quality of a single averaged
image was not sufficient for quantification, so averaging was
included in the acquisition scheme to improve the SNR of the
acquired images. It was found that, at the normal rat heart and
respiration rates, it was possible to acquire eight averages of the
non-gated images in the same time as four averages of the respiratory gated images. Figure 3(c–d) shows that for both the gated
and non-gated cases; the image quality was high. There was still
some low level periodic artifact in the non-gated images, but the
additional averages that could be achieved in the same acquisition time meant that the image quality was acceptable for both
acquisition schemes. Thus, in contrast to mice, there was no
clear requirement for respiratory gating in Wistar rats and an acquisition strategy yielding the best image quality in the shortest
acquisition time was the best option. Normally respiration gating was used; however, animals with a fast respiration rate (>60
per minute) or a slow heart rate (<300) were imaged without
respiratory-gating due to the decreased number of ECG’s that
could be used between successive respiration events.
Figure 4 demonstrates the image quality obtained with the
MR protocol described. The temporal resolution was nearly
twice as fast as previously reported (Nahrendorf et al., 2001), and
the experimental image resolution of 200 × 200 µm in-plane
also exceeded reported values by 15–35% (15). The high reproducibility of the technique was demonstrated by <5% interobserver and intra-observer variability. Figure 5 demonstrates
that it was possible to acquire high quality images in a rat model
of cardiac infarction, enabling infarcted tissue and the function
to be determined easily and accurately.

CONCLUSION
In conclusion, rat hemodynamics were stable in the vertical
position for at least 90 minutes, which allowed cardiac imaging in a high-field MR system with higher temporal and spatial
resolution than previously reported. A flip angle of approximately 17.5◦ was found to provide good contrast between the
left ventricular myocardium and lumen, whilst maximizing the
SNR of the myocardial tissue. Although it reduced periodic artifact levels, respiratory gating was not essential for high quality,
low artifact level CINE-MR images. Structure and function in
normal and infarcted rat hearts could be measured with high accuracy and reproducibility, demonstrating that MR systems with
a vertical bore can be used to image the in vivo rat heart.
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