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Three-dimensional (3D) first-pass myocardial perfusion imag-
ing (MPI) is a promising alternative to conventional two-
dimensional multislice MPI due to its contiguous spatial cov-
erage that is beneficial for estimating the size of perfusion
defects. Data acquisition at mid-diastole is a typical choice
for 3D MPI yet is sensitive to arrhythmia and variations in R-R
interval that are common in cardiac patients. End systole is
the second longest quiescent cardiac phase and is known to
be less sensitive to the R-R variability. Therefore, 3D MPI with
systolic acquisition may be advantageous in patients with
severe arrhythmia once it is proven to be comparable to dia-
stolic MPI in subjects with negligible R-R variation. In this
work, we demonstrate the feasibility of 3D MPI with systolic
data acquisition in five healthy subjects. We performed 3D
MPI experiments in which 3D perfusion data were acquired at
both end-systole and mid-diastole of every R-R interval and
analyzed the similarity between resulting time intensity curves
(TIC) from the two data sets. The correlation between systolic
and diastolic TICs was extremely high (mean 5 0.9841; stand-
ard deviation 5 0.0166), and there was a significant linear cor-
relation between the two time intensity curve upslopes and
peak enhancements (P < 0.001). Magn Reson Med 63:858–
864, 2010. VC 2010 Wiley-Liss, Inc.
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MR first-pass myocardial perfusion imaging (MPI) is an
established tool for the clinical assessment of myocardial
perfusion because of its high spatial resolution and the
lack of exposure to ionizing radiation. The most widely
used protocols involve two-dimensional (2D) multislice
acquisitions and have been shown to identify the pres-
ence of angiographically significant coronary artery dis-
ease with high sensitivity (>85%) and specificity
(>75%) (1,2). One limitation of two-dimensional multi-
slice protocols is that they provide only partial coverage
of the left ventricle (LV), leaving room for potential
improvements in diagnosis and prediction of outcomes
via increased coverage.

Three-dimensional (3D) MR MPI is a promising alter-
native to 2D multislice approach due to its contiguous
spatial coverage. 3D MPI has been recently shown to be

more accurate than 2D multislice technique in estimat-

ing the size of defects (3), which is crucial for progno-

sis in symptomatic patients, as validated by patient fol-

low-up studies (4–7). Additional advantages of 3D MPI

include high signal-to-noise ratio (SNR), imaging of all

myocardium at a single cardiac phase, a potentially

long saturation recovery time, and the capacity for

high-rate parallel imaging (3,8). Typically, the acquisi-

tion window is positioned at mid-diastole where the

heart is the most stationary within an R-R interval. In

healthy subjects, previous 3D MPI studies have used

�300-ms acquisition (3,8), although the optimal dura-

tion and timing of the acquisition tends to vary over

subjects (9).

End-systole is another cardiac phase well suited for

data acquisition in MR MPI. It is a shorter quiescent pe-

riod compared to mid-diastole but is less sensitive to R-

R variability and arrhythmia (10). In normal subjects, the

duration and timing of diastasis is known to vary more

significantly than the duration and timing of end-systole,

as a function of heart rate (11). For example, an increase

in heart rate from 80 to 90 beats/min results in 5.6% and

16.4% decreases in the duration of systole and diastole,

respectively. Systolic data acquisition is likely to be

more robust in patients with atrial fibrillation, the most

common cardiac arrhythmia, with a prevalence of 9% in

elderly people (>65 years) with cardiovascular disease

(12). In patients with chronic atrial fibrillation, mean

variations in systolic and diastolic time intervals were

reported to be 10.6% and 37.9%, respectively (13). A

change in the duration and timing of a stable period

induces either motion artifacts when data are acquired

as scheduled or loss of temporal resolution when data

are rejected. Note that the myocardium is thicker at the

systole. Thus, lower in-plane spatial resolution may be

tolerated, which, to some extent, compensates for the

reduction in available acquisition time compared to

diastole.

In this paper, we investigate the feasibility of 3D MPI
with data acquisition at end-systole and compare it to
3D MPI with data acquisition at mid-diastole. We imple-
mented an MPI pulse sequence that acquires 3D perfu-
sion data set at both end-systole and mid-diastole and
performed a comparison of perfusion images and region-
based time-intensity curves (TICs) from the two cardiac
phases. In order to achieve complete LV coverage, we
used a relatively low spatial resolution, which is more
likely to suffer from dark rim artifacts (14) and may be
incapable of identifying small perfusion defects. In this
pilot study, we studied only healthy subjects with no
known perfusion defect. We hypothesize that systolic 3D
MPI and diastolic 3D MPI will provide comparable myo-
cardial resolution and semiquantitative perfusion
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indices, and thus systolic imaging may be favorable in

subjects with severe R-R variability.

MATERIALS AND METHODS

Pulse Sequence

The pulse sequence consisted of two saturation recovery
3DFT acquisition modules, one at end-systole and the
other at mid-diastole (Fig. 1). This enabled systolic and
diastolic perfusion data to be acquired during the same
R-R interval from a single injection of contrast agent,
avoiding potential issues related to residual contrast and
physiologic changes that could occur between two sepa-
rate scans. For the preparatory saturation, we used a tai-
lored hard-pulse train that is robust in the presence of
amplitude of static and radiofrequency (RF) fields and
inhomogeneities and involves relatively low RF power
(15). A sinc-shaped RF pulse with a time-bandwidth
product of 4 was used for slab selective excitation. A
cine balanced SSFP scan was used to identify the centers
of the stable end-systolic and mid-diastolic phases.
These centers were recorded as a fraction relative to the
total R-R interval duration (e.g., if the R-R interval was
1000 ms, and the centers of the stable phases were 300
ms and 700 ms after the trigger, then 30% and 70% were
recorded). During the perfusion scan, the trigger delays
were prospectively updated every cardiac cycle, based
on the recorded percentages and the duration of the im-
mediately previous R-R interval. In this way, the acquisi-
tions will occur during stable phases unless there is a
sudden and large change in heart rate.

3D k-space for given field of view and spatial resolu-
tion was undersampled by factor of 3 and 2 along ky and
kz directions, e.g., by a net factor of 6, in both systolic
and diastolic imaging. The position of sampled k-space
encoding lines was shifted in a cyclic pattern such that
the data acquired from six neighboring cardiac cycles
can be combined to generate a coil sensitivity map for
sensitivity encoding reconstruction (16,17).

Imaging Protocols

The imaging parameters are summarized in Table 1. We
used a shorter data acquisition window for systolic imag-
ing due to its shorter quiescent period. We used a lower
in-plane resolution and a smaller number of partition sli-
ces. This choice was motivated by the fact that, in gen-
eral, systolic myocardium is transmurally thicker and is
shorter along the long axis. The number of partition sli-
ces also depended on the subject’s heart rate, with a
threshold of 85–90 beats/min. Saturation recovery time
TSR, defined as the time interval between the end of sat-
uration RF pulse and the start of data acquisition, was
limited by the R-R interval. The pulse sequence used the
longest possible TSR within a maximum value of 120 ms.
The acquisition of systolic and diastolic data in the same
R-R limits the saturation recovery time for diastolic
imaging, resulting in slightly reduced Contrast-to-noise
ratio (CNR). Based on Bloch simulation, the CNR reduc-
tion is less than 20% for heart rates between 50 and 120
beats/min. The systolic scan volume is shifted toward
the apex by 8–10 mm relative to the diastolic scan
volume.

3D MPI experiments were performed in five healthy
subjects (sex: three female/two male; age: 21–55 years),
using Generic Electric 3 Tesla scanner and an eight-
channel cardiac coil. Prior to perfusion scans, SSFP cine
images were obtained for the determination of the cen-
ters of the two acquisition windows. Contrast agent (0.05
mmol/kg Gd-DTPA; Magnevist) was injected at a rate of
4 mL/sec 0–5 sec before the start of scan. Subjects were
instructed to hold their breath as long as possible.

Image Reconstruction and Analysis

All image reconstruction and subsequent analysis were
implemented offline in MATLAB (Mathworks, Natick,
MA). Two-dimensional TSENSE was used for image
reconstruction from undersampled 3DFT perfusion data
from the two cardiac phases (16,17). The data from six

FIG. 1. Schematic of pulse sequence for systolic and diastolic 3D
MPI. The pulse sequence consists of two sets of saturation RF

pulse followed by a delay (TSR) and 3DFT Gradient echo (GRE)
readout. The centers of two data acquisitions were located at end-
systole and mid-diastole. The largest possible TSR was used with a

maximum threshold of 120 ms, depending on a given heart rate.

Table 1
Imaging Parameters for Systolic and Diastolic 3D MPI Data Acquisition

Systolic imaging Diastolic imaging

Low HR High HR Low HR High HR

Matrix sizea 62 � 42 � 8 62 � 42 � 6 100 � 66 � 10 100 � 66 � 8

Field of view (cm3) 28 � 28 � 8 28 � 28 � 6 28 � 28 � 10 28 � 28 � 8
Acquisition time (ms) 144.8 115.8 304.7 253.9

Pulse repetition time/echo time (ms) 2.1/0.9 2.3/1.0
Flip angle (degree) 12 12

aThe third dimension represents the number of partition slices after discarding one slice from each edge. In other words, the number of
kz phase encodes that were acquired is this number plus 2.
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neighboring heartbeats were combined to form coil sensi-
tivity maps.

All perfusion images were normalized by precontrast
images obtained by combining data from the first six car-
diac cycles to correct for the effects of different TSR and
receiver coil sensitivities. From the normalized images,
endocardial and epicardial contours were manually seg-
mented. Myocardium was then automatically subdivided
into endocardial and epicardial layers and six azimuthal
sectors to generate time TICs from a total of 12 segments
per slice. Upslope and peak enhancement values were
calculated for each myocardial segment and were nor-
malized by an upslope from the LV to compensate for
intersubject variation.

Systolic and diastolic data sets were manually regis-
tered, and the four partition slices closest to the mid-
short axis level were used for TIC similarity analyses on
a segment-by-segment basis. First, correlation coefficient
between systolic and diastolic TICs was calculated to
measure the similarity of overall dynamics in TICs. Sec-
ond, TIC upslope and peak enhancement were compared
to measure the similarity between semiquantitative per-
fusion indices. A total of 240 segments were analyzed in
five subjects (48 segments per subject).

RESULTS

Example systolic and diastolic 3D perfusion images from

one subject are shown in Fig. 2. Images from both car-

diac phases show complete myocardial coverage and

diagnostic image quality with high SNR. Both image sets

suffer from slight dark rim artifacts during LV enhance-

ment. The dark rim is slightly thicker in the systolic

images, presumably due to their lower in-plane resolu-

tion (14). The myocardial wall thickness in ‘‘pixel units’’

was similar for systolic and diastolic cardiac phases (Ta-

ble 2). The wall thickness was measured as 3.35 6 0.52

(systole) versus 3.30 6 0.49 (diastole) in anterior and in-

ferior walls and 2.27 6 0.45 versus 2.29 6 0.48 in septal

and lateral walls. The transmural resolution is higher in

the anterior and inferior walls compared to the septal

and lateral walls because the acquisition has asymmetric

spatial resolution, and the anterior-inferior direction is

more closely aligned with the (higher resolution) fre-

quency-encoding direction.
Figure 3 shows representative systolic and diastolic

TICs from the four partition slices closest to the mid-
short axis level. All myocardial segments exhibit homoge-
neous signal enhancement, indicating normal perfusion.

FIG. 2. Representative (a) systolic and (b) diastolic 3D perfusion images from a healthy subject at precontrast, right ventricle enhance-

ment, LV enhancement, and myocardial enhancement. The passage of contrast agent is captured with complete myocardial coverage
and high image quality. Despite the difference in spatial resolution, systolic and diastolic images provide comparable transmural resolu-
tion (in pixel units).

Table 2
Systolic and Diastolic Myocardial Thicknesses, Measured in Pixel Units

Systolic myocardium Diastolic myocardium

Anterior/inferior Septal/lateral Anterior/inferior Septal/lateral

Subject 1 3.10/3.41 1.89/2.10 3.00/4.00 1.65/2.31

Subject 2 3.72/4.34 2.94/2.52 3.50/3.50 1.98/2.64
Subject 3 3.72/3.41 2.94/2.31 2.50/4.00 2.97/2.97

Subject 4 3.41/3.10 1.89/2.52 3.00/3.50 1.98/2.64
Subject 5 2.64/2.64 1.89/1.68 2.75/3.25 1.82/1.98
All 3.35 6 0.52 2.27 6 0.45 3.30 6 0.49 2.29 6 0.48
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Some endocardial TICs show a signal dip (indicated by
the black arrows) that is temporally aligned with peak LV
enhancement and is likely to be related to dark rim arti-
fact. TICs in one diastolic basal slice suffer from fluctua-
tion (indicated by the gray arrow) that temporally corre-
sponds to rapid signal elevation in LV and is related to
aliasing artifacts in the TSENSE coil sensitivity maps esti-
mated by sliding window reconstruction.

Figures 4 and 5 contain the results of a similarity anal-
ysis between systolic and diastolic TICs. The average
and standard deviation of the correlation coefficients
between the two sets of TICs were 0.9841 and 0.0166
across all 240 segments (Fig. 4). The mean values were
larger than 0.97 in all five subjects, indicating excellent
correlation between temporal dynamics of the two sets of
TICs. Figure 5 contains scatter plots of the TIC upslope
and peak enhancement values of the systolic and dia-
stolic data and results of linear fitting. The linear correla-
tions between the two sets of upslope and peak enhance-
ment values were significant (P < 0.001 in both).

Figure 6 compares endocardial and epicardial layers in
terms of TIC upslope and peak enhancement. There was
no significant difference in either upslope or peak
enhancement between the endocardial and epicardial
layers. This was true for both systolic and diastolic data
across all subjects (at P ¼ 0.05). The average upslope
was slightly larger in the endocardial layer, likely due to
dark rim artifact that is reduced as LV signal decreases
(see Fig. 3). The ratio of average endocardial to epicar-
dial upslopes was 1.0539 and 1.0741 in the systolic and
diastolic TICs, respectively. The average peak enhance-
ment was slightly smaller in the endocardial layer, likely

due to the residual effects of elevated LV blood pool sig-
nal. The ratio of average endocardial to epicardial peak
enhancement values was 0.9557 and 0.9580 in the sys-
tolic and diastolic TICs, respectively.

DISCUSSION

We have demonstrated the feasibility of systolic 3D MPI,
and the equivalence of TICs derived from systolic versus

FIG. 3. Representative TICs based on (a) systolic and (b) diastolic perfusion images from a healthy subject. Homogeneous signal
enhancement is observed in nearly all myocardial segments. Diastolic slice #3 suffered from flickering artifacts caused by errors in coil

sensitivity map estimation (see gray arrow). Some endocardial TICs exhibit a signal dip (see black arrows) that is temporally aligned
with peak LV enhancement and is likely to be related to dark rim artifact.

FIG. 4. Correlation coefficients between systolic and diastolic TICs.
Mean and standard deviation of the coefficient were 0.9841 and
0.0166 across a total of 240 segments in five subjects (48 seg-

ments per subject), and mean coefficient was larger than 0.97 in all
five subjects, which validates strong similarity between overall dy-

namics in the two sets of TICs. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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diastolic acquisitions, in healthy subjects. Region-based
TICs from systolic images were shown to be highly corre-
lated with those from diastolic images in terms of overall
temporal dynamics, upslope, and peak enhancement. We
found no statistically significant difference between the

upslope and peak enhancement values obtained from en-
docardial and epicardial segments. On average, upslope
was slightly larger and peak enhancement was slightly
lower in the endocardial layer than in the epicardial
layer, likely due to dark rim artifact. This interlayer

FIG. 5. Scatter plot of TIC (a) upslope and (b) peak enhancement for diastolic and systolic acquisitions. Linear fitting across all myocar-
dial segments results in y ¼ 0.9768x (P < 0.001) and y ¼ 0.9728x (P < 0.001) for upslope and peak enhancement, respectively. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

FIG. 6. Comparison of time curve upslope and peak enhancement between endocardial and epicardial layers: (a) systolic upslope, (b)
diastolic upslope, (c) systolic peak enhancement, and (d) diastolic peak enhancement. The difference of upslope and peak enhance-
ment between two layers was statistically insignificant in both systolic and diastolic data (at P ¼ 0.05). The ratio of average endocardial

to epicardial upslopes was 1.0539 and 1.0741 in the systolic and diastolic TICs, respectively. The ratio of average endocardial to epicar-
dial peak enhancement values was 0.9557 and 0.9580 in the systolic and diastolic TICs, respectively. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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difference was similar for both cardiac phases, presum-
ably due to similar myocardial thickness in pixel units.

A shorter data acquisition was used for the systolic
phase due to its shorter quiescent period. We chose to
accomplish this by reducing spatial resolution, based on
the notion that myocardium is transmurally thicker in
systole than in diastole. Across the five healthy subjects,
the average systolic and diastolic wall thicknesses were
15.1 mm and 9.5 mm, respectively. With the proposed
approach, both cardiac phases achieved similar trans-
mural resolution in ‘‘pixel units’’ (Table 2), which sug-
gests that both phases may have similar ability to detect
nontransmural perfusion defects. Patients with severe ir-
reversible defects may suffer from reduced systolic wall
thickening (18), which will decrease transmural spatial
resolution in affected segments. The incidence and
degree of wall-thickening impairment should be investi-
gated in patients with ischemic heart disease. Despite
the use of the two most stable cardiac phases, these
acquisitions are longer than individual image acquisition
times used with the traditional 2D multislice approach
and may experience more significant motion artifacts.
Further investigation is needed to characterize and mini-
mize motion artifacts in 3D MPI.

One limitation of this study is the use of relatively low
spatial resolution, which is more likely to suffer from
dark rim artifacts and may be incapable of identifying
small perfusion defects. This is an important considera-
tion and needs to be investigated in patients with known
perfusion defects. At this time, dark rim artifacts are the
most significant limitation to the clinical acceptance of
MR MPI, which underscores the need to achieve higher
spatial resolution. This may be achieved through the use
of higher acceleration, including use of high-density coil
arrays and high-rate parallel imaging, and/or regularized
reconstruction (19,20).

Flickering artifacts were seen in both systolic and dia-
stolic perfusion images, especially when viewed in video
format. This artifact is caused by errors in coil sensitivity
maps that are derived from six neighboring cardiac
cycles and thus suffers from aliasing during rapid signal
change. Across temporal frames, the flickering is the
most severe during the arrival of contrast agent into the
right ventricle and LV, appearing as fluctuation in time
curves (Fig. 3). This had a negligible effect on the overall
myocardial TIC upslopes since the signal enhancement
in blood pool precedes myocardial enhancement. Vari-
able-density k-space trajectories and keyhole reconstruc-
tion for coil map generation may reduce and diffuse the
artifacts over the field of view (21,22).

The TIC upslope has shown variation across myocar-
dial segments and subjects in both systolic (0.1699 6
0.0223) and diastolic data (0.1717 6 0.0212). The corre-
sponding percentage standard deviation (13.1% and
12.3% for systolic and diastolic upslope, respectively)
was lower than standard deviation reported in previous
studies (18.1%-25.8%; (23,24)). Potential reasons for this
variation include spatial variation in image intensity due
to receiver coil sensitivity, transmit RF inhomogeneity,
and the slab excitation profile. Normalization by precon-
trast images should have corrected for most of the varia-
tion yet were not perfect. The diagnostic value of the

TIC upslope as a semiquantitative perfusion index will
be valid only if the upslope distribution of normal and
defected myocardium is well separated. This separability
should be further confirmed in patients with perfusion
defects.

CONCLUSIONS

The feasibility of systolic 3D MPI has been demonstrated
in healthy subjects. Myocardial signal enhancement cap-
tured by systolic 3D imaging has been shown to be com-
parable to diastolic 3D imaging by region-based TIC anal-
ysis. The mean and standard deviation of the correlation
coefficients between systolic and diastolic TICs were
0.9841 and 0.0166, and the linear correlation between
the two sets of TIC upslope and peak enhancement val-
ues was statistically significant (P < 0.001). Systolic 3D
MPI may be advantageous in subjects with severe R-R
variability.
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