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An interleaved gradient-echo echo-planar imaging (IGEPI) se- 
quence was modified for and applied to dynamic contrast- 
enhanced imaging of the heart. Using IGEPI, images with 
3.0 x 3.9 mm nominal in-plane resolution are acquired in 100 
ms, enabling eight slices per heartbeat for a heart rate of 60 
beatslmin. The acquisition speed and use of saturation pre- 
pulses allows acquisition of short- and long-axis images dur- 
ing the same contrast bolus. IGEPI maintains the acquisition 
characteristics required for performing a quantitative first- 
pass perfusion analysis as well as providing improved cover- 
age compared with conventional fast gradient echo. 
Key words: myocardium; perfusion; first-pass; contrast en- 
hancement. 

INTRODUCTION 

Radionuclide scintigraphy with thallium-201- or techne- 
tium-99m-labeled perfusion agents is the most widely 
available and commonly used clinical method for the 
assessment of regional myocardial perfusion deficits (1). 
However, this technique is limited by attenuation arti- 
facts from soft tissue and relatively poor spatial resolu- 
tion, especially since the data acquisition occurs over 
many respiratory cycles. Positron emission tomography 
with 13N-labeled ammonia (2, 3) or I50-labeled water (4) 
is considered a more accurate test; however, it is expen- 
sive and not widely available. Both tests use ionizing 
radiation. Magnetic resonance imaging is widely avail- 
able and has the potential of producing perfusion images 
at higher resolution than nuclear medicine techniques 
(5, 6). 

First-pass contrast-enhanced MRI of the heart has been 
used in many studies to assess cardiac perfusion. Some 
studies have been semiquantitative (7-10). Other studies 
have attempted to be truly quantitative with regard to 
assessing blood flow in ml/min per gram of tissue (11). 
The latter case requires that as well as imaging the uptake 
of contrast agent within the myocardium, the input func- 
tion (i.e., the indicator flowing into the myocardial vas- 
culature) be estimated. 

The ideal acquisition requirements for a first-pass con- 
trast-enhanced perfusion measurement of the heart in- 
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clude: (a) coverage of the entire heart; (b) adequate tem- 
poral resolution; (c) adequate image quality (signal-to- 
noise ratio, artifacts, etc.); (d) measurement of the input 
function (for quantitation); and (e) a linear, or at least 
quantifiable, relationship between signal intensity and 
contrast agent concentration (for quantitation) (12). Ac- 
quisition methods that approach these goals have in- 
cluded fast gradient-echo (10, 13, 14) and single- and 
dual-shot echo-planar imaging (EPI) (15-17). 

Fast gradient echo (or turbo fast low angle shot (tur- 
bo-FLASH)) has been used in quantitative perfusion 
studies because it satisfies most of the requirements 
listed above (11). The major drawback of fast gradient 
echo is that it affords limited coverage of the heart. 
Specifically, with fast gradient echo, single short-axis 
images have been acquired in 160 to 590 ms, which 
means that for a heart rate of 60 beatdmin, only one to 
five slices can be acquired per injection (10, 13, 18). 
Single- and dual-shot EPI can acquire images quickly 
enough to cover the entire heart during the first pass of 
a contrast bolus (15-1 7). However, these techniques 
are prone to geometric and intensity distortions due to 
susceptibility interfaces around the heart (19). Further- 
more, single- and dual-shot EPI have been presented in 
spin-echo mode where blood in the ventricular cavity 
appears dark (i.e., the input function is not measured), 
making it incompatible for quantitative perfusion anal- 
ysis. 

An interleaved gradient-echo EPI (IGEPI) sequence that 
uses a short repetition time (TR) and a relatively short 
echo train per TR could provide better coverage of the 
heart than fast gradient echo, be less sensitive to suscep- 
tibility-related artifacts than single- or dual-shot EPI (20- 
22),  and could maintain the ability to measure the input 
function and have a linear relationship between signal 
intensity and contrast agent concentration. Interleaved 
EPI was previously described by Cho et al. (20) and 
Farzaneh et al. (21). McKinnon (22) extended the idea 
and applied IGEPI to cardiac imaging but did not tailor it 
for or apply it to imaging the heart after a contrast agent 
injection. Fischer et al. (23, 24) have shown promising 
initial results using IGEPI for dynamic contrast-enhanced 
cardiac imaging, but they only acquired three slices per 
heartbeat on a single imaging axis using their approach. 
In this communication, we describe modifications to 
IGEPI for first-pass contrast-enhanced imaging of the 
heart, develop a set of imaging parameters that achieves 
improved coverage compared to fast gradient echo, show 
example images which demonstrate the resulting cover- 
age and image quality, and demonstrate that this tech- 
nique is similar to fast gradient echo regarding image 
acquisition requirements for quantitative perfusion anal- 
ysis. 
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MATERIALS AND METHODS 

IGEPI was implemented previously by a few groups (20- 
22).  The following modifications were made for contrast- 
enhanced first-pass cardiac imaging. To obtain T, 
weighting and to minimize the effect of R-R interval 
variation, a volumetric goo saturation pulse is applied 
before the acquisition of each slice (14, 18), as shown in 
Fig. la .  The saturation pulse is followed by a gradient 
crusher pulse to dephase the transverse magnetization. 

Also, a modified centric phase encoding scheme was 
used (Fig. 1b). Like centric phase encoding, the central 
k-space lines are acquired with the first echo to minimize 
the effective TE (TEeFf) and susceptibility effects. How- 
ever, unlike conventional centric phase encoding, the 
central k-space lines are ordered sequentially. This in- 
creases the effective delay between the saturation pulse 
and the most central k-space lines while still providing a 
smooth transition across the center of k,-space to mini- 
mize image artifacts. A phase rewinding gradient is ap- 
plied at the end of each TR. 

Imaging was performed on a 1.5-T Horizon EchoSpeed 
Scanner (General Electric Medical Systems, Milwaukee, 
WI) equipped with enhanced gradient and receiver sub- 
systems. For this study, the maximum gradient slew rate 
was limited to 120 mTlm/ms. The maximum gradient 
amplitude was 34 mT/m. A four-element phased-array 
RF coil (General Electric Medical Systems, Milwaukee, 
WI) was used for reception. The maximum receiver band- 
width was 2200 kHz. 

Imaging parameters were as follows: slice thickness, 8 
mm; field of view, 36-39 cm; echo train length (ETL), 4; 
acquisition matrix, 128 X 48-72; flip angle, 10”; TR, 6.6 
to 7 ins; TE,,,, 2.0 ms (calculated as the TE for the first 
echo that comprises the central lines): delay after satura- 
tion pulse, 20  ms; and receiver bandwidth, t 1 2 5  KHz. 
Flow compensation (first-order gradient moment null- 
ing) in the slice-select and read-out directions was ap- 

plied for the first echo. These parameters achieve 1.65 to 
1.75 mslk, line in the k-space, or approximately 80 to 
1 2 6  ms (or 12-18 TRs) for 48 to 72 k, lines. Including the 
length of the saturation pulse and the delay before image 
acquisition, each image is acquired in 100 to 146 ms. 

All studies of normal volunteers were conducted with 
the approval of the Institutional Review Board of Na- 
tional Heart, Lung, and Blood Institute. Written, in- 
formed consent was obtained from each subject before 
the MR examination. The average resting heart rate 
ranged from 56 to 67  beatslmin. For the first-pass perfu- 
sion studies, gadopentetate dimeglumine (Magnevist, 
Berlex Laboratories, Wayne, NJ) was injected as a bolus 
into an antecubital vein (dose, 0.04-0.07 mmol/kg; rate, 
3 mlis). This was immediately followed by a bolus of 
normal saline (dose, 15 ml; rate, 3 mlis). An MR-compat- 
ible power injector (Medrad, Inc., Pittsburgh, PA) was 
used for all injections. 

Image acquisition began with contrast administration. 
Six to eight double-oblique images were acquired de- 
pending on the subject’s heart rate and the precise acqui- 
sition parameters. Images were continuously acquired for 
30 to 40 s. Subjects were instructed to breath-hold at the 
start of image acquisition and to maintain the breath-hold 
for as long as was comfortable. In each case, the breath- 
hold time exceeded the time for thc contrast bolus to 
wash through the myocardium in the first pass (<30 s). 

Signal intensity levels were determined over timc in 
regions of interest placed in the left ventricular cavity 
(-300 mm2) and over the myocardial wall (-90 mni”). 
No retrospec,tive image rercgistration was necessary, 
since images were acquired during a breath-hold. Solu- 
tions containing different concentrations of gado- 
pcntetate dimeglumine (1-75 mM) were imaged with 
IGEPI and compared with conventional fast gradient- 
echo images to assess how the presence of an echo train 
affects the sequence’s sensitivity to an MR contrast agent. 
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FIG. 1. (a) Schematic for IGEPI with an ETL of 4. Within each R-R interval, slices 1 though m are acquired sequentially. For each slice, 
a volumetric saturation pulse (90”) is followed by a series of 01 pulses. For each 01 pulse, four gradient echoes are acquired covering four 
lines of k-space. The bottom box shows the frequency- and phase-encoding gradients applied after each 01 pulse. The phase-encoding 
gradients and blips were rewound at the end of the echo train. (b) Schematic for k-space trajectory with n shots. 
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RESULTS 

Figure 2a shows eight short-axis slice locations acquired 
from a normal volunteer. Fig. zb shows the contrast bolus 
pass through the right ventricle, left ventricle, and myo- 
cardium for a single-slice location. The signal intensity 
versus time curves for the left ventricular blood pool and 
a region of interest in the myocardium are shown in Fig. 
2c. The regions of interest used for this analysis are 
shown in Fig. 2d. 

Because the cardiac apex is difficult to evaluate on 
short-axis images due to partial volume effects, the pos- 
sibility of collecting long-axis as well as short-axis im- 
ages during the same contrast bolus was assessed. The 
application of a volume-selective saturation pulse before 
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each slice allows acquisition of multiple images with 
overlapping locations without slice-to-slice interference 
during a single scan. Figure 3 shows four short-axis slices 
and one long-axis slice acquired with IGEPI from a nor- 
mal volunteer. 

Figure 4 shows how signal intensity varies as a func- 
tion of gadopentetate dimeglumine concentration using 
fast gradient echo and IGEPI with an ETL of 4. Both 
signal intensity curves are normalized to the signal in- 
tensity with lowest concentration. Figure 4b shows ex- 
panded scale in the concentration range from 1 to 5 mM. 
Both sequences show an approximately linear relation- 
ship between gadopentetate dimeglumine concentration 
and signal intensity in this range (R2 = 0.99 for both). 
The decrease in signal intensity that occurs at concentra- 
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FIG. 2. (a) Eight short-axis slices from a normal volunteer with a heart rate of 56 beats/min. Acquisition parameters: raw data matrix, 
128 X 48; FOV, 39 X 19 cm; TR, 6.6 ms; TEefi, 2 ms; receiver bandwidth, ?I25 KHz; slice thickness, 8 mrn; acquisition time per image, 
100 rns; 12 shots. Contrast dose = 0.07 mmol/Kg. (b) First-pass time course for a mid-ventricular short-axis slice. For display purposes, 
images from only every other heart beat are shown. Time increases from left to right, then from top to bottom. The contrast bolus 
sequentially passes from right ventricle to left ventricle and finally to the myocardium. (c) Signal intensity versus time for the left ventricular 
blood pool and left ventricular myocardium. (d) Regions of interest for signal intensity analysis. 
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FIG. 3. One long-axis slice and four short-axis slices from a normal volunteer with a heart rate of 
67 beatdmin. Acquisition parameters: raw data matrix, 128 X 72; FOV, 36 X 27 cm; TR, 7 ms; 
TE,,, 2 ms; receiver bandwidth, 2125 KHz; slice thickness, 8 mm; acquisition time per image, 146 
ms; 18 shots. Contrast dose = 0.04 mmol/kg. 
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tions greater than 20 mM is more pronounced for IGEPI 
as compared with fast gradient echo, as shown in Fig. 4a. 
This is due to T," modulation of the echo train. 
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DISCUSSION 

We have modified IGEPI to 
better satisfy the requirements 
for first-pass contrast-enhanced 
cardiac imaging. Compared to 
fast gradient echo, IGEPI pro- 
vides improved coverage be- 
cause it has a higher acquisition 
duty cycle; in addition, com- 
pared with single- or dual-shot 
EPI, it is less sensitive to sus- 
ceptibility-related artifacts and 
is compatible with quantitative 
assessment of perfusion. Be- 
cause a volume-selective satu- 
ration prepulse was applied be- 
fore each slice, images in 
different overlapping planes 
could be acquired without 
slice-to-slice interference. This 
coupled with improved speed 
enabled the acquisition of both 
short- and long-axis planes dur- 
ing a single scan, which pro- 
vides the advantage of being 
able to assess the same region of 
myocardium on two indepen- 
dent images of different orienta- 
tion. 

IGEPI was implemented pre- 
viously by McKinnon (22) in 

1993 for cardiac imaging and functional brain imaging. 
We have modified the original IGEPI sequence for dy- 
namic contrast-enhanced cardiac imaging by adding a 
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FIG. 4. (a) Signal intensity versus concentration for solutions containing gadopentetate dimeglumine. Signal intensity is normalized to the 
signal at the lowest concentration. Open circles correspond to measurements made with fast gradient echo. Crosses correspond to 
measurements made with IGEPI with an ETL of 4. The decrease in signal intensity that occurs at concentrations greater than 20 mM is 
due to T2* relaxation. (b) Expanded scale at low gadopentetate dimeglumine concentrations. Both sequences show an approximately 
linear relationship between gadopentetate dimeglumine concentration and signal intensity between 1 and 5 mM (R2 == 0.99 for both). 
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saturation prepulse to null the longitudinal magnetiza- 
tion before the image acquisition and by using a phase 
encoding order that minimizes the effective echo time. 
The volumetric saturation prepulse before IGEPI is used 
to obtain TI weighting, insensitivity to arrhythmia (14, 
18), and insensitivity to through-plane flowlmotion. Gra- 
dient moment nulling was not implemented in the orig- 
inal IGEPI sequence (22). However, we have found that 
this technique when applied along the slice and readout 
directions is effective in reducing image artifacts caused 
by flow and motion. 

Looking toward the possibility of using IGEPI for quan- 
titative myocardial perfusion measurements, we used so- 
lutions containing gadopentetate dimeglumine (1-75 
mM) to assess how signal intensity varies as a function of 
gadopentetate dimeglumine concentration for fast gradi- 
ent echo and IGEPI with an ETL of 4. We found that the 
curve describing signal intensity versus gadopentetate 
dimeglumine concentration for IGEPI is linear over ap- 
proximately the same range as for fast gradient echo (Fig. 
4). Based on this, we expect that IGEPI provides an esti- 
mate of the input function, using the ventricle time- 
intensity curve, similar to that obtainable by fast gradient 
echo. Single- and dual-shot spin echo EPI do not provide 
this information (15, 16). 

Both EPI and magnetization-prepared fast gradient 
echo have previously been shown to be susceptible to 
image artifacts. This occurs for EPI because image data 
are acquired while the MR signal undergoes Tz* relax- 
ation and because off-resonance effects accumulate (20, 
22, 25). For magnetization-prepared fast gradient echo, 
this occurs because image data are acquired while the 
MR signal undergoes TI relaxation toward a steady state 
(26 -28). Technical solutions for reducing these artifacts 
have also been developed previously. The modified 
IGEPI sequence is susceptible to artifacts related to T2* 
relaxation, off-resonance effects, and TI relaxation. To 
reduce image artifacts for the IGEPI sequence, we imple- 
mented and evaluated some of the techniques from EPI 
and magnetization-prepared fast gradient echo. Specifi- 
cally, we found that the EPI techniques of echo shifting 
(20,22,29) and using a phase-encoding order designed to 
cause smooth variations in k-space related to T2* decay 
and off-resonance effects were very important in reduc- 
ing artifacts. We have also implemented and are cur- 
rently evaluating techniques associated with the magne- 
tization-prepared fast gradient echo approach to steady 
state such as RF spoiling (30-32) and variable flip angle 
excitation (22, 33, 34), which may reduce the magnitude 
modulation of k-space data due to TI relaxation, result- 
ing in an improved point spread function. More gener- 
ally, signal modulation due to TI and T,* relaxation and 
off-resonance effects contribute to a nonideal point 
spread function. Future work will focus on assessing and 
improving the point spread function for the modified 
IGEPI sequence. Finally, in our experience with normal 
volunteers, we have not found the chemical shift of fat in 
the phase-encoding direction to be problematic. This is 
due to the saturation prepulse that also acts as a fat 
suppression pulse. 

In conclusion, by using a relatively short echo train, 
some of the speed advantages of EPI are achieved without 

encountering artifacts related to magnetic susceptibility 
interfaces seen using single-shot or dual-shot EPI. By 
acquiring multiple views per RF pulse, speed is im- 
proved (number of lines acquired per unit time in- 
creased) compared with fast gradient echo without using 
extremely short TR values and sacrificing SNR. The mod- 
ified IGEPI technique provides an approach that com- 
bines EPI speed and fast gradient-echo image quality and 
has the potential for assessing myocardial perfusion by 
MRI with combined spatial resolution, temporal resolu- 
tion, image quality, and the potential for quantitation 
that are superior to fast-gradient echo and single- or 
dual-shot EPI. In addition, short- and long-axis images 
can be acquired simultaneously, enabling the assessment 
of the same myocardial region in two different views. 
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