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Abstract
Purpose

To evaluate a myocardial perfusion acquisition that alternates 2D simultaneous multi-slice (SMS) and 3D
stack-of-stars (SoS) acquisitions each heartbeat.

Methods

A hybrid saturation recovery radial 2D SMS and a saturation recovery 3D SoS sequence were created for
the quanti�cation of myocardial blood �ow (MBF). Initial studies were done to study the effects of using
only every other beat for the 2D SMS in two subjects, and for the 3D SoS in two subjects. Alternating
heartbeat 2D SMS and 3D SoS were then performed in ten dog studies at rest, four dog studies at
adenosine stress, and two human resting studies. 2D SMS acquisition acquired three slices and 3D SoS
acquired six slices. An arterial input function (AIF) for 2D SMS was obtained using the �rst 24 rays. For
3D, the AIF was obtained in a 2D slice prior to each 3D SoS readout. Quantitative MBF analysis was
performed for 2D SMS and 3D SoS separately, using a two-compartment model.

Results

Acquiring every-other-beat data resulted in 5-20% perfusion changes at rest for both 2D SMS and 3D SoS
methods. For alternating acquisitions, 2D SMS and 3D SoS quantitative perfusion values were
comparable for both the twelve rest studies (2D SMS: 0.68±0.15 vs 3D: 0.69±0.15 ml/g/min, p=0.85) and
the four stress studies (2D SMS: 1.28±0.22 vs 3D: 1.30±0.24 ml/g/min, p=0.66).

Conclusion

Every-other-beat acquisition changed estimated perfusion values relatively little for both sequences. 2D
SMS and 3D SoS gave similar quantitative perfusion estimates when used in an alternating every-other-
heartbeat acquisition. Such an approach allows consideration of more diverse perfusion acquisitions that
could have complementary features, although testing in a cardiac disease population is needed.

1. Introduction
First-pass myocardial perfusion MRI with gadolinium contrast is an important imaging test for coronary
artery disease. After intravenous injection of gadolinium contrast agent, multiple T1-weighted images are
acquired each heartbeat. These images are commonly used for qualitative assessment of myocardial
perfusion since regional signal differences and delays in the enhancement in the heart are often
indicative of regional ischemia [1, 2]. However, poor spatial resolution of the images and artifacts such as
dark rim can limit the accuracy of qualitative assessment. Quantitative analysis of �rst-pass myocardial
perfusion imaging may detect regional defects more accurately [3–5]. The performance of both
qualitative and quantitative approaches is highly dependent on the use of robust and reliable pulse
sequences.
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Compared to conventional 2D perfusion sequences, 2D SMS or 3D perfusion MRI imaging sequences
may provide more heart coverage or faster image acquisition [6–8]. SMS imaging uses multiple slice-
selective RF pulses combined with parallel imaging and phase modulation methods (controlled aliasing
in parallel imaging results in higher acceleration (CAIPIRINHA)) to enable acquisitions and reconstruction
of several separate slices simultaneously without a cost of spatial or temporal resolution [9–14].
Compared to conventional sequential multi-slice imaging, SMS imaging has the advantage of a short
total acquisition time and the possibility of whole-heart coverage by using multiple slice groups [15].
While acquisitions with up to �ve simultaneously acquired slices (multi-band factor of 5, MB=5) for
cardiac perfusion have been reported, a degradation of image quality was seen compared to the image
quality obtained with a multi-band factor of 2 or 3 [16]. Both radial and spiral acquisitions have
demonstrated the feasibility of acquiring multiple SMS sets with a high MB factor at heartrates up to 100
beats per minute or higher[17, 18]. Using MB=3, nine slices can be acquired each heartbeat at heartrates
below 100 beats per minute. However, only a few studies on the quanti�cation of 2D SMS myocardial
perfusion imaging have been published [19, 20].

High SNR and whole heart coverage can be achieved with 3D imaging [6]. However, the 3D readout must
be done quickly, while the heart is relatively still. Recent developments in reconstruction with
undersampled data have improved the temporal �delity to ~200 ms readouts and have increased the
spatial resolution of 3D myocardial perfusion images at high accelerations [21–28]. For example, multi-
coil and k-t principal component analysis reconstruction method have been used to provide 3D
myocardial perfusion images with a spatial resolution of 2 mm [29]. A shorter total readout time of 150
ms has also been reported [30]. Quantitative 3D myocardial perfusion studies have been shown to be
feasible if an accurate AIF is acquired [30]. Furthermore, 3D quantitative analysis with myocardial
perfusion reserve (MPR) yielded high diagnostic accuracies in both systole and diastole, comparable with
previous 2D studies [28, 31, 32].

Acquisitions with 2D SMS and 3D methods have trade-offs in resolution and coverage and image quality
[33]. Compared to 2D SMS imaging, the advantages of 3D techniques include increased slice resolution
and more tractable respiratory motion due to the coherent motion of all the slices [8]. Regardless of these
bene�ts, the problem of increased acquisition time, greater undersampling factors and the associated
decreased spatial resolution [34, 35] have limited 3D methods. Thus, the choice when performing
quantitative assessment of myocardial perfusion imaging is unclear - whether 2D SMS or 3D imaging
should be selected for speci�c populations with cardiac disease.

In this study, we propose a new perfusion acquisition that alternates between a radial 2D SMS with a
“hybrid” weighting of saturation recovery and steady-state gradient echo signals and a 3D SoS
acquisition each heartbeat [36].

2. Methods
Overview
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First, to investigate the effects of acquisition every other heartbeat on both the AIF and myocardial
signals, �ve scans using radial 2D SMS and 3D SoS acquisitions were performed every heartbeat. Four of
the �ve scans were analyzed using either only the even or the odd time frames, to understand how well an
alternating beat acquisition would perform. Then, an alternating 2D/3D saturation-recovery sequence
was implemented, and both phantom and in-vivo data of seven dogs (10 rest and 4 stress studies) and
two human subjects were acquired and processed to study the differences and comparable aspects of
the 2D SMS and 3D SoS methods.

2.1 Pulse Sequence
All scans were performed at 3T using a Prisma MRI system (Siemens Medical Solutions, Erlangen,
Germany).

2.1.1 Every heartbeat acquisition
Both 2D SMS and 3D SoS sequences were performed as separate free-breathing acquisitions with
“standard” every-beat ECG-gated acquisitions. The 2D SMS acquisition had a single saturation pulse
each beat and then a short 20msec recovery time before using radial RF-spoiled gradient echo readouts.
The readouts continued until the next R-wave trigger was detected. A continuous golden angle increment
was used for all the rays. One slice group with a multi-band factor of 3 was acquired throughout each
heartbeat. There was a slice gap equal to one slice thickness. The 2D SMS acquired ~300 rays per
heartbeat (for a heart rate of ~80 beats per minute). The �rst 24 rays were used to reconstruct images for
the AIF. Retrospectively, rays for the reconstruction of the tissue curves were selected as those acquired
around systole. This was typically 25-96 rays, starting at approximately ray 40, depending on the heart
rate. Selection of rays is detailed in the Reconstruction section below.

A 3D SoS acquisition every beat was also acquired. The pulse sequence consisted of a 2D saturation
recovery AIF acquisition followed by a ~200msec 3D SoS acquisition as in [30]. In each beat, the 2D AIF
was acquired from 24 rays starting 20msec after a saturation pulse. Then another saturation pulse was
performed and after recovery, the 3D readout started. Though a longer saturation recovery time (SRT),
typically 150msec, was desired in terms of better contrast, a shorter SRT, like 100msec, was applied due
to high heart rates, especially during stress. Scan parameters for 3D SoS: 92 rays each heartbeat, variable
density in kz with 24 rays in the center section and six partitions acquired in total (eight slices
reconstructed due to zero-padding in the k-space and center six slices used for analysis).

Saturation pulses as in [37] were used. The main imaging parameters used in 2D SMS and 3D SoS
sequences are listed in Table 1.
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2.1.2 Effects of acquisition every other beat on the AIF and
myocardial signals
Data acquisitions were obtained in two subjects for 2D SMS and three subjects for 3D SoS, as described
next. In these datasets, data with large variance possibly caused from motion were discarded. To be
speci�c, if myocardial tissue signal intensities in two neighboring time frames in a slice of every-beat
data differed by more than 20% for 10 consecutive frames, that subject was not analyzed. One 3D
subject was left out for this reason, so two 2D SMS and two 3D SoS every-beat datasets were analyzed.

The effect of every-other-beat acquisition was investigated using every-beat data. The analysis was
performed by comparison between data with every-beat (EB) acquisition, called the EB group, and using
every-other-beat, (the EOB group), in both 2D SMS and 3D SoS subjects. To focus on the undersampling
and minimize errors caused by reconstruction and post-processing, an “ideal” scenario was investigated
�rst. That is, the EB data was reconstructed and registered, then divided into two EOB groups (odd and
even) equally and processed in the following manner: (1) the same proton density (PD) signal intensities
were used for both the EB and the EOB data; (2) the same myocardial region-of-interest (ROI) contours
and shift adjustments were applied for both EB and EOB group; (3) gadolinium concentration ([Gd])
curves from the EB group were divided into two EOB sets.

However, actual data with other effects can be more complicated. Respiratory and cardiac motion, for
example, might result in larger heart motion displacement between two neighboring image frames in an
EOB acquisition compared to that of an EB acquisition. Such motion and fewer time frames relative to EB
can reduce the performance of the reconstruction methods that include temporal regularization.

In this work, we included the practical “non-ideal” case, where the reconstruction and the processing of 2D
SMS and 3D SoS data in the alternating 2D/3D acquisition were done independently, which is different
from the ideal case described above. Thus, EB k-space data was separated into the even and odd EOB
groups, and then each group was reconstructed, registered and quanti�ed individually. To reduce
variability, the same contour from EB data was applied to EOB data processing. In addition, the same
proton density images were also used for EB and EOB data processing.
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The overall work�ow of acquisition, reconstruction and data processing is shown in Figure 1. The next
section details the reconstruction and conversion to [Gd] for quanti�cation of EB and EOB data.

2.2 Reconstruction
Both 2D SMS and 3D SoS datasets were reconstructed by a joint spatial and temporal constrained
reconstruction (STCR) method [16, 38, 39]. The STCR reconstruction minimized a cost function that
consisted of an L2 data �delity term between the estimated image and the undersampled data and L1
terms of spatial and temporal total variations (TV) as in equation (1). Pre-interpolation with GRAPPA
operator gridding (GROG) was used to convert the radial sampling data onto a Cartesian grid as an initial
step [40]. The cost function used for the 3D SoS data reconstruction is:

2D SMS data required an additional step prior to reconstruction to select the range of rays to use for
systole (or diastole or any cardiac phase, though only systole was reconstructed in this work). First, a
preliminary sliding-window reconstruction was performed to obtain images with a temporal footprint of
55 msec/frame (24 rays). Such a reconstruction was repeatedly created after sliding by three rays
(~7msec). Then we manually identi�ed the most systolic images. The rays corresponding to those
systolic images were used to perform the �nal reconstruction.

The work here only used the 3D data acquired near systole, although if heart rate allowed another 3D
dataset was acquired each beat at diastole as in [30].

2.3 Post-processing
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To compensate for respiratory motion, both rigid and deformable registration were applied. Rigid
registration was performed on both PD images and perfusion images. A coarse mask was manually
selected to encompass the whole heart and used as input to the registration step. Then a Fourier-based
cross-correlation method was applied to iteratively register neighboring frames [41]. Model-based
deformable registration was then applied to perfusion images as in [42]. That is, a series of motion-free
synthetic images were �rst generated from �tting a two-compartment model to the images. The �tted
images were essentially motion-free and used as the reference in each frame to register the reconstructed
images. For the alternating 2D/3D datasets, registration was done for each sequence separately
(neighboring frames were rede�ned as every other beat).

In an image frame generated by the summation of all perfusion frames, a small region was manually
drawn within the blood pool area to obtain AIF signal intensity (SI) curves. Lines were drawn
conservatively on the summed image to represent the endo- and epicardial border. The myocardial tissue
SI curves were obtained from six equiangular myocardial segments in each slice [43].

2.4 Conversion from signal intensities to [Gd]
T1 values of different time frames were estimated by modeling. A Bloch simulation was used to generate
a look-up-table (LUT), which converted the measured signal intensities to T1 values. The ratio between
perfusion images and the �rst PD weighted image was the input to the LUT [44]. The Bloch simulation
used the prescribed scan parameters and accounted for the slice pro�le in each excitation RF pulse. For
the 2D SMS acquisitions, the slice pro�le spanning the �ve slice thicknesses (3 slices plus gaps) was
discretized into 1000 samples in the slice direction and the signal evolution of each sample was
simulated. Signal intensities from all 1000 samples were summed to give the signal intensity of a
speci�c slice, assuming equal contribution from each radial line readout, and including the appropriate
CAIPIRINHA phase modulation [16] for each ray. For 3D imaging, the magnetization signal was simulated,
and an extra kz encoding step was applied to account for readout of each kz partition. The k-space signal
intensity of each kz partition was averaged and the unacquired kz partitions (partial Fourier) were kept
zero, and then a Fourier transform was applied along kz to obtain the image space signal intensity for
each slice.

Conversion from T1 values to [Gd] curves was then performed by the following equation.

T1 comes from the look-up-table (LUT) calculated from the previous step shown above. T1pre is the pre-
contrast T1 where native tissue T1 was used either in the blood or myocardium. R is the T1 relaxivity
constant, 3.7 mmol−1s−1 for Gadoteridol [45].

PD images were acquired using the same gradient echo sequences without the saturation recovery pulse,
so the PD images were not truly independent of T1. Such T1 weighting of PD images has been reported
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to have negligible effects on the PD image signal intensity [44]. A Bloch simulation was performed here to
verify that the use of the �rst PD image did not bias the conversion to [Gd].

All quantitative MBF results were then calculated with a two-compartment model and an implicit
assumption that the extraction fraction is unity.

2.5 Evaluation of every other beat �ow values
After quanti�cation, a difference ratio was calculated between EB group and EOB group, as described in
the equation below.

2.6 Alternating 2D/3D acquisitions
For these acquisitions, the 2D hybrid radial SMS acquisition and the 3D SoS acquisition were applied in
an alternating manner as illustrated in Figure 2.

The 2D SMS and 3D SoS EOB acquisitions used the same parameters as the EB sequences described
above. The SRT applied before the 2D SMS acquisition was 20msec as was the SRT for the 2D AIF
acquired in the same beat as the 3D SoS acquisition. The SRT applied before the 3D centric readout was
100msec. The reconstruction of 2D SMS and 3D SoS alternating acquisitions each used the same STCR
method as given above for the EB data. The regularization weights were also the same as for the EB data.
One special circumstance is that �ow values were different between 2D SMS and 3D SoS methods due
primarily to the AIF differences in two out of four stress datasets. Therefore, a composite AIF was created
by combining the AIFs in each beat into a single AIF, after conversion to [Gd]. This AIF was then used with
EOB tissue curves interpolated to the same temporal resolution in the four stress studies. Though not
displayed in this paper, using a composite AIF for the resting cases caused negligible effects on the
quanti�cation.

A 9-vial phantom developed for T1 mapping and ECV standardization (T1MES) [46] was used to validate
T1 estimates from the alternating 2D/3D sequence. All of the time frames were averaged. The same
conversion method using a LUT as described above was used to estimate T1 values in each vial.

Alternating 2D/3D scans were done in 7 dogs (rest: n=10, adenosine stress: n=4) and 2 human subjects
(male, age 73, 69 years; rest: n=2) with 0.05-0.075mmol/kg gadoteridol. The adenosine induced stress
cases were performed in four dogs with ~280 microgram/kg/min. Another human study was also
performed but the ECG triggering was poor, so that dataset was not used. A quantitative perfusion
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analysis of absolute MBF for each scan and MPR for the subjects with stress scans was performed
followed by Bland-Altman and linear regression. Pearson’s correlation coe�cient was used to calculate
the region-wise relationship between 2D SMS and 3D SoS methods.

3. Results

3.1 Effects of every other beat acquisition on the AIF and
myocardium
Figure 3 shows the �ow ratio difference (from equation (3)) between EB and EOB data. These results are
from two 2D SMS EB data and two 3D SoS EB data.

When using the “ideal” scenario described in the methods above where EOB data was created after EB
reconstruction and processing, very low errors were observed between the EB and the EOB group. 2D SMS
EOB data showed an average of ~7% estimation error and 3D EOB data showed an average of ~5%
estimation error.

In the practical case, when EOB data was reconstructed and processed separately, higher errors were
found. 2D SMS EOB data showed an average of ~12% �ow ratio difference and 3D EOB data showed an
average of ~10% difference.

3.2 Simulation and phantom validation
The PD image signal intensity changes caused by the short TR were investigated with a Bloch equation
simulation. The PD images had T1 weighting effects that were <1% variation in the 3D tissue and 2%
variation in the 2D SMS tissue when [Gd] was within 0-2 mmol/L. As for the AIF, where [Gd] was typically
0-10 mmol/L, both 2D SMS and 3D had <1% variation. Thus, the T1 weighting of PD images did not bias
the conversion to [Gd].

Figure 4 shows measured and reference T1 values in the phantom for the 2D SMS and 3D SoS
acquisitions. The top two plots show the T1 estimates using 2D SMS data. The top left displays a linear
�t with slope = 1.03 of all nine vials using the �rst 24 rays of 2D SMS data, while the top right displays a
linear �t with slope = 1.00 of all nine vials using ray 40-63. The bottom two plots show the T1 estimates
for 3D data. The bottom left displays a linear �t with slope = 1.00 of eight vials using a single slice AIF for
3D, while the bottom right displays a linear �t with slope = 0.98 of eight vials using 3D SoS data. The
mean T1 estimations in each plot indicated that errors were <10% for the vials used in the linear �t. The
vial with the longest T1 value (1872msec) was biased >10% from the reference in 3D data, though the 3D
readout is only used for tissue curves which have shorter T1 even pre-contrast.

3.3 Images with 2D/3D alternating acquisition
The Supporting Information Video S1 shows a time series of all three slices of 2D SMS and all six slices
of the corresponding 3D SoS acquisition. The absolute intensities for the three 2D slices was scaled by a
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global scale factor to make the contrast of the two movies similar.

3.4 AIF and Tissue [Gd] Curves
Figure 5 shows the comparison of AIFs for 2D SMS and 3D SoS in each dataset. The high similarity
between the two AIFs in each subplot indicates that EOB beat acquisition in general does not miss the AIF
peak or create signi�cant quanti�cation error.

Figure 6 shows the average tissue [Gd] curves of all myocardial regions and all the slices acquired with
2D SMS and 3D SoS method in each study. The two methods give very similar average tissue [Gd] curves.

3.5 MBF results
Table 2 displays the comparison of MBF results with the alternating 2D SMS and 3D SoS acquisitions. 12
rest scans (10 in dogs and 2 in humans) and 4 stress scans (all in dogs) were included in the analysis.
MBF mean and standard deviation in each injection were calculated using all the regions and slices
described in the method above and listed in the table. In general, the 2D SMS mean MBF values (rest:
0.68 ± 0.15 ml/g/min; stress: 1.28 ± 0.22 ml/g/min) were comparable to that of 3D (rest: 0.69 ± 0.15
ml/g/min, p=0.85 vs 2D SMS; stress: 1.30 ± 0.24 ml/g/min, p=0.66 vs 2D SMS). The myocardial
perfusion reserve calculated using those four dog studies with stress acquisitions were 2.18 ± 0.59 and
2.19 ± 0.53 for 2D SMS and 3D SoS respectively.

 
Table 2

MBF in 2D SMS and 3D SoS alternating beats
Subject ID First Injection Second Injection

2D SMS 3D SoS 2D SMS 3D SoS

Dog 1 0.66 ± 0.08 0.74 ± 0.06 0.69 ± 0.09 0.82 ± 0.12

Dog 2 0.79 ± 0.07 0.82 ± 0.10 0.58 ± 0.04 0.63 ± 0.06

Dog 3 0.79 ± 0.19 0.74 ± 0.24 0.83 ± 0.11 0.81 ± 0.09

Dog 4 1.35 ± 0.23 1.42 ± 0.31 0.65 ± 0.06 0.61 ± 0.10

Dog 5 1.07 ± 0.18 1.20 ± 0.17 0.73 ± 0.07 0.72 ± 0.13

Dog 6 1.29 ± 0.17 1.29 ± 0.18 0.49 ± 0.07 0.50 ± 0.06

Dog 7 1.40 ± 0.17 1.29 ± 0.23 0.64 ± 0.04 0.63 ± 0.07

Human 1 0.56 ± 0.14 0.56 ± 0.15    

Human 2 0.75 ± 0.11 0.74 ± 0.08    

(The MBF calculated for each study was the average of three slices and six evenly spaced regions of
each slice for 2D SMS and the average of six slices and the same six regions for 3D SoS. The red
numbers represent the stress MBF and other cases are rest.)
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Figure 7 shows a 2D SMS and 3D SoS MBF comparison in a dog study using a bulls-eye plot including
both the rest and the stress perfusion results. 

 Figure 8 shows the Bland-Altman analysis of the 2D SMS and 3D averaged-slice region-wise �ow
comparison with r = 0.83 (y = 0.92*x+0.08) and con�dence interval (mean difference ± 1.96 standard
deviation: [-0.37, 0.35]). 

4. Discussion
We proposed a new approach to myocardial perfusion imaging in this study by alternating quantitative
radial 2D SMS with a hybrid saturation recovery/gradient echo approach to steady state, and 3D SoS
with saturation recovery and preceded by a 2D short SRT AIF each heartbeat. This approach enabled a
direct comparison of the 2D SMS and 3D SoS methods with the same gadolinium injection. This
approach using these two very different sequences may also help to give a more comprehensive and
robust clinical assessment, since artifacts are expected to differ while quanti�cation results are expected
from the initial experience here to share similar in-plane distributions. This work also helps to understand
the temporal sampling requirements of dynamic contrast-enhanced myocardial perfusion imaging, and
enables the creation of more diverse but still quantitative sequences since the tissue curves likely do not
need to be sampled EB. Initial results here show this with free-breathing acquisitions, and breath-hold
acquisitions likely work better for EOB sequences. As well, dark rim artifacts were not observed with either
method used here. This work was to establish technical feasibility, and future work to evaluate these
possible advantages in a patient population is needed.

One objective in this paper was to investigate the feasibility of EOB quanti�cation. Previous research
reported a semiquantitative evaluation of the effect on the varying sampling rates. That study used a
myocardial perfusion reserve index (MPRI) calculated by dividing the upslopes of the time-intensity
curves at stress and rest [47]. The resulting MPRI values between EB and EOB were similar when the
upslope of the blood and myocardium signal intensity curves in the left ventricle had ~20% difference for
both the rest and the stress. In this study, we found that the absolute MBF differences between EB and
EOB data can be ~5% higher for both the 2D SMS and 3D SoS data when reconstruction and processing
were done separately as mentioned in the results part.

B1 inhomogeneity may cause inaccuracies in estimated T1 and [Gd] values and so affects MBF. Flip
angle variations on the order of 30% across the myocardium have been reported in previous research
[48–50]. B1 inhomogeneity may cause inaccuracies in estimated T1 and [Gd] values and so affects MBF.
Flip angle variations on the order of 30% across the myocardium have been reported in previous research
[48–50]. To gauge the degree of B1 biases on the MBF, a �ip angle error of 15% was applied in three dogs
and one human study. Myocardial signal intensity curves of PD images and T1-weighted images for the
AIF and tissue were converted to [Gd] using the biased �ip angle. The concentration curves were then �t
to the compartment model to give biased MBFs. All of the slices and regions were used to calculate the
MBF percent change due to the biased �ip angle. When using a prescribed 12° �ip angle, if there is a 15%
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�ip angle reduction to 10.2°, then the MBF was changed in these datasets by 10 ± 5% for 2D SMS data
and 4 ± 3% for 3D SoS data.

The accuracy of the AIF is important when quantifying perfusion CMR. Though AIFs for 2D SMS and 3D
SoS were similar as displayed in Figure 5, two stress studies showed quantitative perfusion differences
of up to 35%, possibly due to the AIFs from the EOB acquisitions. Using a composite AIF by combining
the 2D SMS AIF and the 2D AIF from 3D SoS acquisition resulted in very similar 2D SMS and 3D SoS
results. Therefore, the four stress cases were processed with a composite AIF (results in Figures 6-8).

Perfusion results can be dependent on the model used. Both two-compartment model and Fermi model
were applied to these datasets. The perfusion estimates were similar at rest but different at stress (details
in Supporting Information Table S2). This �nding is similar to previous studies [51–54]. Compared to
published perfusion estimates (resting values ranging from 0.52 ml/min/g to 1.2 ml/min/g and stress
values ranging from 1.36 ml/min/g to 4 ml/min/g), perfusion results of this study were generally towards
the lower end. This is possibly due to the anesthesia used in the dog studies, lack of extraction fraction
corrections.

Respiratory and cardiac motion challenge the quantitative analysis of standard perfusion data. Switching
to an EOB sequence can make obtaining good image quality more challenging. Nevertheless, the results
here found changes similar to those seen in repeated scan variability [55–59]. Speci�cally, EOB would
lead to ~15% difference in the segmental MBF in practice mentioned above, which is similar to the
reported ~20% coe�cient of variance in the segmental MBF between two repeated scans [59]. We note
that the tissue curves here were mainly from canine studies (n=7), which have relatively small heart
movement with respiration.

5. Conclusion
We demonstrated that an alternating quantitative 2D/3D myocardial �rst-pass perfusion imaging
sequence is feasible. The alternating acquisition results in small effects on the accuracy of both AIF and
tissue estimation. Though limited by motion effects to some extent, 2D SMS and 3D SoS quantitative
results showed a close relationship, with MBF differences within 15%. Further work is needed to
understand the trade-offs of the 2D SMS and 3D SoS sequences and the possible complementary
information that they may provide.
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Figure 1

General data processing �owchart. The 2D/3D alternating sequence acquires three sets of k-space raw
data. These data can be reconstructed by a spatial-temporal constrained reconstruction algorithm
respectively. Then an off-line post-processing pipeline can be used, including registration, signal intensity
curves extraction, conversion to [Gd] and model �tting, to obtain quantitative perfusion values. One detail
in the �gure is that PD images would only require rigid registration due to no obvious contrast change, but
T1-weighted images need to be applied in both rigid and deformable registration
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Figure 2

The 2D/3D alternating acquisition. The sequence includes a 90o saturation recovery pulse followed by a
2D FLASH SMS readout or a 3D SoS acquisition with 8 slices every other heartbeat (the two edge slices
are not used). The SRT is 20 ms for 2D acquisition and 100 ms for 3D readouts. Gradient echo readouts
use a 12o �ip angle and a multi-band factor of 3 was applied in the SMS acquisition. An example of 2D
SMS (a) and 3D SoS (b) images are displayed
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Figure 3

EB and EOB �ow ratio difference in ideal and practical processing conditions respectively. The average
absolute �ow ratio difference based on each region of each slice of a patient is shown using ideal
processing (blue and orange bars) and using practical processing (yellow and purple bars)
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Figure 4

Phantom validation of measured T1 from 2D/3D alternating sequence and reference T1 from MOLLI
sequence. The top two plots show the T1 estimates using 2D SMS data. The top left displays the error
bars from each vial and a linear �t of all nine vials using �rst 24 rays of 2D SMS data, while the top right
using ray 40-63. The bottom two plots show the T1 estimates for 3D data. The bottom left displays the
error bars from each vial and a linear �t of eight vials using a single slice AIF for 3D, while the bottom
right using 3D SoS data. The vial with the highest T1 value was biased >10% from the reference in 3D
data, thus not used
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Figure 5

AIF [Gd] curves comparison between 2D SMS and 3D SoS for all in-vivo studies. The orange curves
represent the single-slice AIF for 3D SoS while the blue curves show a 2D AIF from a similar SMS slice.
Among all of the AIFs shown, the �rst seven cases were canine studies while the last two were human
studies. The right �gure shows a zoomed example of one stress case in which MBF differed if a
composite AIF was not used
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Figure 6

Average tissue [Gd] curves comparison between 2D SMS and 3D in all in-vivo studies. The orange curves
represent the mean of six central slices from 3D tissue while the blue curves show the mean of three
slices from 2D tissue. Among all subjects shown above, the �rst 7 cases were canine studies while the
last two were human studies. For all subplots in the �gure, the vertical axes unit is “mmol/L” and the
horizontal axes unit is “sec”
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Figure 7

An example of a quantitative perfusion map with 2D SMS and 3D SoS at both rest and stress. The top
row shows the comparison at stress while the bottom row shows the rest case. Each 2D SMS acquisition
has three slices acquired simultaneously while 3D SoS has six slices. Each slice was divided into six
regions by a semi-automatic processing tool

Figure 8
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Bland-Altman and correlation analysis of myocardial perfusion. Each point represents a regional �ow
value. Figure 8(a) shows the average results of all slices. Figure 8(b) shows the correlation plot between
2D SMS and 3D SoS �ow values, r = 0.83
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