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Abstract

Purpose—Data are unavailable for rational selection of pulse sequences to assess post-infarction
myocardial viability in rodents at high field strength. We implemented a widely used clinical
inversion recovery (IR) sequence at 4.7T and compared the results to a heavily T1-weighted cine
FLASH sequence (T1-CF) for assessment of infarction size.

Materials and Methods—Eleven infarcted rats were examined within 24 h of infarction after

injection of Gadophrin-3 contrast agent. Images were acquired using both pulse sequences and a
standard cine (SC) sequence. Estimates of infarct size were compared to TTC. Global LV function
was compared between the T1-CF and SC sequences.

Results—SNR, relative SNR, and CNR for the infarcted and normal myocardium were significantly
greater for the IR sequence. Infarction size was overestimated by both sequences, but correlated
highly and showed very close agreement with TTC. Global function revealed no significant
differences between T1-CF and SC.

Conclusion—Both IR and T1-CF produced reliable results for assessment of infarction size at
4.7T. While the IR sequence delivers better overall SNR and CNR, the T1-CF allows concomitant
assessment of global cardiac function with a much shorter acquisition time.
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Introduction

Cardiac magnetic resonance (CMR) is becoming an increasingly important tool in
cardiovascular research involving small animal models (1-3). The same advantages of this

noninvasive imaging modality that apply to its use in patients (eg, permitting serial assessment
of myocardial function, viability and mass) translate to its use in research (4—6). The technique
has been used in normal and diseased rodent models for the assessment of global and regional
myocardial function, left ventricular mass, and acute and chronic myocardial infarction (MI)
size (5,7). The high spatial and temporal resolution needed to produce images of suitable quality
makes this application of CMR very challenging. Most investigators use scanners that operate

at 2.0-9.4 Tesla due to the inherently greater signal to noise ratio (SNR) associated with
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imaging at higher magnet field strengths. The same imaging protocols that gained wide
recognition for assessment of cardiovascular disease in patients and large animal models have
not easily translated to rodent imaging due to differences in physiological parameters (eg,
elevated heart rates) and hardware. The extremely long T1 of myocardium at higher field
strengths (~1300 ms at 4.7T) and rapid rodent heart rates make the implementation of inversion
recovery (IR) pulse sequences especially demanding. While fast, segmented k-space gradient-
echo sequences preceded by an IR pulse have become the gold standard for the noninvasive
assessment of infarction size in humans, its use has not been described in small animal models
(8-10). Various authors have approached this issue by using an inversion recovery spin-echo
or heavily T1 weighted images (5,11,12). However, because of the excellent SNR and contrast
to noise ratio (CNR) that the IR pulse sequences offer in comparison to other approaches, its
implementation and use in small animal imaging of MI warrants further investigation. Thus,
the aim of this study was the implementation and validation of an IR pulse sequence ona 4.7T
dedicated small animal scanner for the assessment of reperfused MI. We compared this
sequence with a widely used heavily T1-weighted fast gradient echo sequence.

Animal model

All animal studies were approved by the local Institutional Animal Care and Use Committee
(IACUC). Eleven Male Sprague-Dawley rats were used for the study (200-300 g). The rats
were purchased from Charles River Laboratories, Inc., Wilmington, MA, and housed in the
institutional research animal facilities. The rats were induced by intraperitoneal injection of
ketamine/xylazine (50/2.5 mg/kg). Subsequently, they were intubated and ventilated with 1%
isoflurane mixed with oxygen (Harvard Apparatus, Model 680, Holliston, MA, USA). After
blunt dissection of the thoracic muscles the thoracic cavity was opened in the 4-5th intercostal
space. The pericardium was removed, and the left anterior descending (LAD) coronary artery
was then ligated by passing a piece of 7-0 silk suture around the vessel and the surrounding
myocardium. Both ends of the ligature were threaded through a piece of polyethylene tubing
to form a snare. Successful occlusion was confirmed by color change of the myocardium and
significant ECG changes. The snare remained in place for 60-120 minutes after which LAD
perfusion was restored by release of the snare and removal of the ligature.

CMR imaging and contrast agent injection

All MRI images were acquired within 24 h post Ml on a 4.7 T horizontal small bore scanner
(\Varian, Palo Alto, CA, USA) with a maximum gradient strength of 25 gauss/cm and a rise
time to full amplitude of 200 us. A Varian transmit-receive whole body coil was used for signal
transmission and reception. A series of coronal and sagittal gradient-echo (GRE) scout images
was acquired to determine the long axis of the heart. An ECG-gated GRE-sequence (FLASH)
was planned in the short axis orientation using the long axis images (Fig. 1b). Imaging
parameters for this sequence were as follows: flip angle 20°, echo time (TE) 3 ms, FOV 5-6
cm, matrix 128 x 128, reconstructed to 256 x 256, slice thickness 1.5 mm. The TR was adjusted
to fit 12 cardiac phases evenly into one RR-interval. One k-space line was acquired per cardiac
phase/heartbeat. The data acquisition was averaged 4 times resulting in a duration of
approximately 2 minutes per slice. Ten to 11 slices were typically required to span the entire
LV. For assessment of infarction size the same sequence was repeated covering the infarcted
area, but with an increased flip angle of 60° to account for more T1 weighting (T1-cine FLASH,
T1-CF) (5).

The IR sequence was implemented using an identical slice position. It consisted of a non slice-

selective composite 90-180-90 inversion pulse followed by an inversion delay of 450-550 ms
which was individually adapted to yield the best contrast between the nulled myocardium and
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the infarcted tissue. After the inversion time, a 15 degree excitation pulse was followed by 4
phase readouts (Fig. 1a). Using a TE of 3 ms and a TR of 6 ms the acquisition window was 24
ms. The FOV and resolution were chosen identical to the FLASH sequence. Six signal averages
were used instead of 4 to yield sufficient signal. The imaging portion of the sequence was timed
to end diastole to avoid motion artifacts. Depending on the animals' heart rate, a delay of 8-

12 heartbeats was introduced between each acquisition to allow for sufficient recovery of the
magnetization (longitudinal relaxation) between IR pulses. This resulted in an imaging time

of about 10 minutes per slice.

We used the necrosis-specific porphyrin-based T1-enhancing gadolinium agent Gadophrin-3
(Schering AG, Berlin, Germany). Gadophrin-3 was injected into the tail vein (0.05 mmol/kg)
1 hour after reperfusion and at least 3 h prior to imaging (13,14). During that time the contrast
agent accumulates in infarcted myocardium and clears from the plasma. The use of a necrosis-
specific contrast agent for this study was preferred for two reasons: (1) non-specific standard
extracellular contrast agents (eg, Gd-DTPA) tend to overestimate or underestimate infarction
size depending on the imaging time after injection. Given that Gadophrin binds to necrotic
tissue, the contrast uptake pattern reflects the true extent of necrosis once the agent has cleared
from the plasma and (2) since the enhancing area (after 3 h) is not influenced by altered wash-
in/wash-out Kinetics in the infarction and peri-infarction zone, the enhancing area remains
stable over many hours. Any influence on the pulse sequence comparison due to differing
distributions and concentrations of the contrast agent can therefore be excluded.

Image analysis

Global function and infarction size—The global myocardial functional parameters and
infarction sizes were determined using a program available in the public domain, Image J. The
LV epicardial and endocardial borders were manually traced on the end-diastolic (ED) image
of each slice. Endocardial borders were also drawn on the end-systolic images (ES) so that
both LV end-diastolic (EDV) and LV end-systolic (ESV) volumes could be obtained by
multiplication of the slice areas by the slice thickness. Stroke volume (SV) and ejection fraction
(EF) were calculated using the end diastolic (EDV) and end systolic (ESV) volumes (SV =
EDV-ESV, EF = SV/EDV).

From the heavily T1-weighted cine FLASH gradient echo sequence (T1-CF) the end-diastolic
phase was selected for analysis of MI. The images acquired using the IR sequence were timed
to end diastole. Endo- and epicardial borders, as well as the hyperenhanced region, were then
planimetered on the Gadophrin-enhanced images. An area was defined as hyperenhanced if
the image intensity was greater than or equal to 2 SD above the mean of a normal region in the
septum (8,16). At each slice position, the areas of the enhanced and nonenhanced pixels were
determined, and the size of the contrast-enhanced region was then expressed as a percentage
of the total LV myocardial area.

Post Mortem TTC (Triphenyltetrazolium chloride)-staining: After sacrificing the animals
their hearts were quickly removed from the thoracic cavity and perfused retrograde through a
cannula inserted in the ascending aorta with 4 ml saline followed by 5 ml 1.5% TTC in PBS
solution at 37°C. After freezing the hearts they were cut perpendicular to their long axis to
approximately 1.5 mm thick slices and the right ventricles were removed. Subsequently the
hearts were scanned on both sides using a flatbed scanner (Epson, Long Beach, CA). Images
were post processed using Image J (http://rsb.info.nih.gov/ij/). The infarcted area (non stained
pale/white region) was measured on both sides and averaged for each slice, and summed from
all slices. The infarction size was expressed as the fraction of the infarcted region relative to
the total area of the myocardium on all slices.
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Relative SNR, SNR and CNR—For all calculations, regions of interest (ROIs) were drawn
for each subject on two adjacent infarcted slices and then averaged. The noise was defined as
the standard deviation (SD) of the signal of a region outside the body. Contours for ROlIs were
drawn around the enhancing myocardium (Slin¢), the normal myocardium (Slyorm), and the LV
blood pool (Slyj00q) to calculate the respective mean signal intensities. The relative signal
intensity was calculated as:

Relative SNR=(SIin¢ or blood = SIhorm)/SInorm X 100. [1]

The signal to noise ratio (SNR) was defined as:

SNR=SIiuf or norm or blood /NOisE, [2]

and the contrast noise ratio (CNR) was defined as:

CNR=(SIiyt — SIyorm)/noise [3]

and

CNR= |(SIinf or norm — Slpiood)l/noise. [4]

All data are presented as the mean + standard deviation (SD). Global cardiac function, as
assessed by the standard FLASH and the T1-CF sequence were compared by Student's t-test.
In addition, a Bland-Altman analysis, shown as the mean of differences £1 SD, was used to
assess the limits of agreement between the sequences. SNR and CNR of the T1-CF sequence
and the Inversion Recovery (IR) sequence were compared using Student's t-test. Linear
regression analysis and Bland-Altman analysis were performed for comparison of the 60-
degree with the IR sequence, as well as the TTC-results. A p value <.05 was considered
statistically significant.

All rats survived the surgical procedure and the scanning protocol at 1 day post-Ml. Infarction
sizes ranged from 1.2-33% of the LV myocardium, with an average of 18.4%. Of all rats
completing the imaging protocol, 2 were excluded for the SNR and CNR measurements due
to improper choice of inversion time. One rat was excluded for the comparison of infarction
sizes because no TTC data was available.

Global function

End diastolic volume (EDV), end systolic volume (ESV), ejection fraction (EF), and left
ventricular (LV) mass were calculated in a subgroup of 6 rats for comparison between the
standard cine FLASH sequence and the 60-degree T1-CF sequence. There were no significant
differences between the sequences for EDV (305.5 £ 74.4 uL for FLASH and 306.5 + 69.4
uL for 60-degree FLASH), ESV (87.8 + 19.4 ul and 86.4 + 18.3), EF (69 £ 12% and 70 +
11%), or LV mass (330 £ 44 mg and 342 + 35 mg); p = NS for all. The Bland-Altman analysis
revealed a very close agreement between both sequences as well (1.0 £ 9.6 for EDV, -1.4+3
for ESV, 0.8 £ 9 for EF and 12.1 + 21.6 for LV mass). Figures 5a, 5d, and 5g show typical
short and long axis images at end diastole.
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CNR and SNR

The implemented IR sequence effectively suppressed normal myocardium at an inversion time
of ~500-550 ms (Figs. 2 and 3) while the signal intensity of infarcted myocardium was greatly
elevated due to the contrast agent uptake. Consequently, the IR sequence showed a significantly
larger SNR for infarcted myocardium and lower SNR for normal myocardium than the T1-CF
sequence (Table 1, n =9). Accordingly, the relative SNR and the CNR for infarcted compared
with normal myocardium was significantly greater for the IR sequence. Because of the high
intensity of the blood in the strongly inflow dependent T1-CF sequence the CNR of infarcted
myocardium and the blood pool were also greater for the IR sequence.

Infarction size assessment

The linear regression analysis as well as the Bland-Altman analysis showed excellent linear
correlation and agreement between the two techniques and for both of the techniques compared
to TTC (Figs. 4 and 5), n = 10). Both sequences tended to overestimate infarction size, with
the T1-CF sequence yielding a slightly closer correlation and agreement to TTC than the IR
sequence (R =0.985 vs. R = 0.976, and 0.022 + 2.035% mean of differences vs. 0.402 £
2.622%). Figure 5 shows examples of short and long axis MRI images of three different rats.
The infarcted area, as present on the TTC slices (Figs. 5¢ and 5f), is clearly visible on the
contrast agent enhanced images of both sequences (Figs. 5a, 5b, 5d, 5¢, 5g, and 5h).

Discussion

This is the first study describing the implementation of an IR pulse sequence widely used in
clinical CMR for post-infarction viability assessment in rats on a high field scanner. We
compared this sequence with a heavily T1-weighted cine FLASH (T1-CF) sequence, which
allows viability assessment and global functional analysis simultaneously. While the IR
sequence revealed superior relative SNR and CNR, both sequences were equally capable of
distinguishing viable from nonviable tissue as compared to the gold standard, TTC staining.

The use of the T1-weighted cine FLASH sequence for assessment of MI and global function
was first described by Epstein et al (16). The authors concluded that this sequence yields
accurate results for both purposes (5). We corroborated these findings, showing excellent
correlation and agreement of this sequence with TTC for infarction size assessment. The slight
overestimation of infarction size could be explained by partial volume effects, which at the
current resolution cannot be ruled out (8). In addition, we performed for the first time a head
to head comparison of the T1-CF sequence with the standard cine sequence. This was done to
exclude any effect of the altered image contrast on assessment of global functional parameters.
Given the excellent agreement between both sequences, the T1-CF sequence seemed to be best
suited for infarction size assessment and assessment of global myocardial function as well as
LV mass from the same acquisition. The depiction of both viable and non-viable tissue, together
with the ability for concomitant functional assessment makes this technique especially
attractive for simultaneous assessment of regional myocardial function.

The IR-sequence implemented on our system achieved adequate suppression of normal
myocardium as compared to infarcted myocardium. The delay time between each inversion
pulse and subsequent excitation pulse was therefore considered to be suitably long. However,
in an ideal setting one should wait at least 4 x T1 for optimal tissue suppression. This is a
prerequisite which in clinical settings at 1.5T in patients with high heart rates can only be
achieved by skipping one heart beat between inversion pulses (17). Since the T1 of normal
myocardium is extremely long at 4.7T (~1300 ms) one needs to wait significantly longer. With
animals having heart rates >300 bpm, one has to skip at least 2 x T1 to avoid complete saturation
of magnetization, which results in an inefficiency of the inversion pulse sequence. Despite an
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optimal anesthetic protocol (1.5% isoflurane and heating) and continuous adjusting of the delay
time, the chance of cardiac motion artifacts increases with the number of RR intervals skipped
and overall imaging time. Compared to the T1-CF sequence, the imaging time with the IR
sequence was almost four times longer (~10 min vs. ~2 min). A comprehensive imaging
protocol would also require the acquisition of a cine sequence for assessment of global function,
which would require additional scanning time. Thus, the protocol could become prohibitively
long, especially for rats with large infarcts.

The advantage of the IR-sequence as compared to the T1-weighted cine sequence is the
significant increase in relative SNR and CNR of the infarcted and non-infarcted myocardium.
This effect has been previously described and is one of the obvious advantages of the sequence
(10). The poor SNR of the blood pool, low CNR of the normal myocardium, and blood pool
can easily be explained by the fact that a necrosis specific contrast agent was used. We felt that
this was the most balanced approach to overcome the limitations of a pulse sequence
comparison which is highly dependent on the gadolinium concentration in the infarcted area.
Using a necrosis-specific contrast agent, the given concentration of gadolinium in the lesion
can be assumed to remain stable during the scanning procedure. However, imaging had to be
started after clearing of the contrast agent from the blood pool to take full advantage of the
contrast agent's properties. This would subsequently lead to reduced signal of the blood pool.
On the other hand, the high signal of the blood pool in the cine sequence is inflow dependent
and, thus, remained unaltered. While the infarcted area was better delineated compared to the
blood pool on the IR-images, the endocardial border was more easily distinguished on the cine
sequence. It is noteworthy that these differences would be less apparent with the use of standard
extracellular contrast agent (eg, Gd-DTPA), where at the time of scanning, there is contrast
agent in the blood pool and normal myocardium, leading to elevated signal intensities in the
blood pool and the myocardium on both sequences.

Both sequences tended to overestimate infarction size—with the IR-sequence yielding slightly
greater values—nbut still showed an excellent agreement and correlation with TTC. Two factors
may explain the greater infarction size estimates of the IR sequence vs. the T1-CF sequence:
(1) because of using an identical thresholding method and the stronger T1 weighting, the
infarcted area might have been overestimated, and (2) the IR-sequence was more prone to
motion artifacts and blurring due to the significantly longer acquisition time and additional
signal averaging.

Conclusion

We described the successful implementation of a gradient-echo inversion recovery sequence
on a high field small animal scanner. The same excellent CNR and (relative) SNR of infarcted
vs. normal myocardium, as noted on clinical 1.5 T scanners, was achieved with the presented
technique. However, the sequence was not superior for post-infarction viability imaging to a
previously described approach using a heavily T1 weighted cine (T1-CF) sequence—which
enables the assessment of global and regional myocardial function from the same acquisition
(5). Given the long intervals needed to allow for T1 relaxation between inversion pulses at
higher field strength, the IR-sequence acquisition time becomes unacceptably long. This effect
is even greater if a non-necrosis-specific contrast agent is used, and the imaging time after
contrast agent administration becomes a critical issue (18). The heavily T1-weighted image
might therefore be used to obtain both viability and functional data in a much shorter time.
With the increasing use of rodent models in cardiovascular research, the use of a gradient-echo
IR-sequence might still be attractive when imaging disorders that exhibit more diffuse or
scattered patterns of enhancement, which are more difficult to detect, eg, myocarditis or cardiac
sarcoidosis (19).
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The study raises the question of whether the findings of this study can be extended to clinical
viability imaging at 3T. Even though patient's heart rates are lower and the extracellular contrast
agent used will lead to a shorter T1 not only in the infarcted but also in the normal region, one
might still have to account for the increased T1 of the myocardium. The potential application
of a strongly T1-weighted FLASH sequence (high flip angle), similar to a previously proposed
approach using MTC with cine imaging for simultaneous viability and functional assessment
at 1.5T (20), warrants further investigation.
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Figure 1.
(a.) Timing of the IR-sequence, where 8-10 R-R intervals are skipped between each

acquisition. Due to the animal's high heart rate, the readout occurs 1-2 heart beats after the
inversion pulse. The imaging portion of the sequence consists of 4 phase encoding steps (a;—
ay4) timed to end diastole. (b.) The T1-CF sequence can be repeated for each heartbeat. Only

one phase encoding step per cardiac phase is acquired during each R-R interval.
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Figure 2.

Representative signal intensities vs. inversion times for normal and infarcted myocardium
measured in one rat after application of the inversion pulse. Both the normal and infarcted
myocardium reach a point where signal intensities are effectively nulled, followed by a steady
recovery of signal with increasing inversion time. The dotted line represents the difference in
signal intensity between normal and infarcted myocardium, reaching a maximum when the
normal myocardium is ‘nulled’ at an inversion time of approximately 550 ms.
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Figure 3.

The panel contains images of varying signal intensity corresponding to increasing inversion
times as depicted in Figure 2. At very short inversion times the signal intensity of the infarcted
area (arrows) goes through the zero crossing, followed by a gradual recovery. The greatest
signal difference is seen at an inversion time of 500-600 ms, where the signal of normal
myocardium is fully suppressed, while the signal of the infarcted area has already recovered.
Further increasing the inversion time allows for progressive recovery of the magnetization,
decreasing the effect of the inversion pulse on image contrast.
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Linear regression plots (left column, a, c, e) and Bland-Altman plots (right column, b, d, f)
comparing infarction size as assessed by 60° T1-CF sequence and TTC (a—-b); the IR-sequence
and TTC (c—d); and the 60° T1-CF and the IR-sequence (e—f). Both 60° T1-CF and IR-sequence
show excellent correlation and very close agreement with TTC.
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Figure 5.

Representative CMR images in the left column (a, d, g) demonstrating infarcted areas (white
arrows) in 3 different rats obtained with the T1-CD sequence. Images in the second column
(b, e, h) are the corresponding IR images scanned in the same orientation. CMR images showed
a very good correlation with the TTC-stained slices (light areas represent infarction) (c, f). The
blood pool of the 60° T1-CF sequence appears very bright compared to the IR-sequence images
due to the strong inflow-effect.
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Table 1
SNR, CNR and Relative SNR of the infarcted and normal myocardium as well as the LV blood pool for the two pulse

sequences

Image sequence

Imaging parameter T1-CF IR
Signal-to-noise ratio .
Infarcted myocardium 17.2+65 29.2+6.4
Normal myocardium 8.1+35 46+29"
Blood pool 290+7.8 107436
Contrast-to-noise ratio
Infarcted compared with normal myocardium 9.1+45 246+62"
Infarcted compared with blood pool 11.8+6.1 185+ 49
Blood pool compared with normal myocardium 209+74 6.1+2.9
Relative SNR (%)
Infarcted compared with normal myocardium 123.6 +52.7 666.1 +3201
Blood pool compared with normal myocardium 305.2 + 155.9 167.0 £116

*
p< .05 vs. 60° T1-CF,

fp< .001 vs. 60° T1-CF.
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