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Background
Contrast-enhanced myocardial first-pass 
perfusion MR imaging (MRI) is a power-
ful clinical tool for the detection of coro-
nary artery disease [1–4]. Fast gradient 
echo sequences are employed to visual-
ize the contrast uptake in the myocar-
dium with a series of saturation pre-
pared images. However, the technique is 
strictly limited by physiological con-
straints. Within every RR-interval, only a 
few slices can be acquired with low spa-
tial resolution, while both high resolu-
tion and high coverage are required for 
distinguishing subendocardial and trans-
mural infarcted areas [5] and facilitating 
their localization, respectively.
Acceleration techniques like parallel 
imaging (pMRI) have recently shown 
their suitability for improving the spatial 
resolution in myocardial first-pass perfu-
sion MRI [5–7]. Within clinical settings, 
3 to 4 slices can be acquired every heart-
beat with a spatial resolution of about 
2.0 × 2.0 mm2 in plane [6]. However, for 
increasing anatomic coverage [8], stan-
dard parallel imaging is rather ineffec-
tive, as it entails significant reductions 
of the signal-to-noise ratio (SNR): 
a)	In order to sample more slices every 

RR-interval, each single-slice mea-
surement has to be shortened by a 
certain acceleration factor R, which 
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1A MS-CAIPIRINHA with two slices simultaneously excited (NS = 2). A dual-band rf pulse is uti-
lized to excite two slices at the same time (BW = excitation bandwidth). During data acquisition, 
each slice is provided with an individual rf phase cycle. A slice specific constant rf phase incre-
ment is employed (0° in slice 1, 180° in slice 2) between succeeding excitations. Consequently, 
the two slices appear shifted by ½ FOV with respect to each other. In this way, the overlapping 
pixels originate not only from different slices, but also from different locations along the phase 
encoding direction (y), facilitating a robust slice separation using pMRI reconstruction tech-
niques. Using the two-slice excitation, effectively a two-fold acceleration is achieved (Reff = 2). 
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inevitably comes along with an 
√R-fold SNR reduction. 

b)	During image reconstruction, the SNR 
is further reduced by the so-called 
geometry (g)-factor [9], an inhomo-
geneous noise-amplification depend-
ing on the encoding capabilities of 
the receiver array. 

In addition, unless segmented acquisi-
tion techniques are utilized [10], the  
saturation recovery (SR) magnetization 
preparation has to be taken into 
account: 
c)	 The preparation cannot be acceler-

ated itself. Hence, the acceleration 
factor R has to be higher than the  
factor by which the coverage is 
extended. This leads to an increase of 
the SNR-reduction discussed in (a).

the technique does not experience  
any SNR reductions despite the g-factor 
noise amplification of the required  
pMRI reconstruction [11, 12]. The  
MS-CAIPIRINHA concept can also be 
employed with acceleration factors that 
are higher than the number of slices 
excited at the same time. By utilizing 
this acceleration for increasing spatial 
resolution, the technique facilitates 
myocardial first-pass perfusion examina-
tions with extended anatomic coverage 
and high spatial resolution. 
A short overview of the concept is set 
out below, followed by a presentation  
of in-vivo studies that demonstrate the 
capabilities of MS-CAIPIRINHA in con-
trast-enhanced myocardial first-pass 
perfusion MRI.
 

Improving anatomic coverage 
and spatial resolution with 
MS-CAIPIRINHA

MS-CAIPIRINHA
The MS-CAIPIRINHA concept [12, 13] is 
based on a coinstantaneous excitation 
of multiple slices, which is accomplished 
by means of multi-band radiofrequency 
(rf) pulses (Fig. 1A). Being subject to the 
identical gradient encoding procedure, 
the simultaneously excited slices appear 
superimposed on each other, unless the 
individual slices are provided with differ-
ent rf phase cycles. In MS-CAIPIRINHA, 
the latter is done in a well-defined man-
ner in order to control the aliasing of the 
simultaneously excited slices. Making use 
of the Fourier shift theorem, dedicated 
slice specific rf phase cycles are employed 
to shift the slices with respect to each 
other in the field-of-view (FOV) (Fig. 1A). 
The slice separation is performed  
using pMRI reconstruction techniques.  
However, the shift of the slices causes 
superimposed pixels to originate from 
not only different slices, but also differ-
ent locations along the phase encoding 
direction. Thus, the MS-CAIPIRINHA  
concept allows the pMRI reconstruction 
to take advantage of coil sensitivity  
variations along two dimensions and  
to perform the slice separation with  
low g-factor noise amplification [12].  

d)	Subsequent to the preparation, the 
signal increases almost linearly with 
time. Thus, shortening the acquisition 
by a factor of R is linked to an addi-
tional R-fold SNR-loss. 

As demonstrated recently [11], most  
of these limitations can be overcome  
by employing the MS-CAIPIRINHA 
(Multi-Slice Controlled Aliasing In  
Parallel Imaging Results IN Higher  
Acceleration) concept [12, 13] for simul-
taneous 2D multi-slice imaging. By 
simultaneously scanning multiple slices 
in the time conventionally required  
for the acquisition of one single slice, 
this technique enables a significant 
increase in anatomic coverage. Since 
image acquisition time is preserved with 
respect to the single-slice measurement, 
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1B MS-CAIPIRINHA with an effective acceleration factor higher than the number of slices 
excited simultaneously. Again, two slices are excited at the same time employing the same rf 
phase cycles as in (1A), but k-space is undersampled by a factor of two. The slices and their 
undersampling-induced aliasing artifacts appear shifted with respect to each other by ½ FOV 
and can be separated using pMRI reconstruction techniques. Effectively, a four-fold acceleration 
is achieved (Reff = 4). The additional acceleration can be employed to extend k-space and to 
improve the spatial resolution. 
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By conserving image acquisition time 
with respect to an equivalent single-slice 
measurement, the technique is not sub-
ject to any further SNR penalties. MS-
CAIPIRINHA hence allows extending the 
coverage in 2D multi-slice imaging in a 
very efficient manner. Applied to myo-
cardial first-pass perfusion imaging, the 
concept facilitates the acquisition of  
6 slices every heartbeat with an image 
quality that is comparable to that of  
conventional 3-slice examinations [11]. 

Additional acceleration
While extending the coverage can be 
accomplished by simultaneous multi-
slice excitation, improving the spatial 
resolution requires additional k-space 
data to be sampled during image  
acquisition. Of course, as the FOV and 
the image acquisition time are to be 
conserved, this can only be achieved by 
means of additional acceleration. 
However, the effective acceleration fac-
tor of MS-CAIPIRINHA is not restricted to 
the number of slices excited simultane-

ously. By applying simultaneous multi-
slice excitation to an imaging protocol 
with reduced phase FOV, i.e. equidistant 
k-space undersampling, supplementary 
in-plane acceleration can be incorpo-
rated (Fig. 1B). The rf phase modulation 
forces the two simultaneously excited 
slices and their in-plane aliasing artifacts 
to be shifted with respect to each other 
in the FOV. As before, image reconstruc-
tion and slice separation is performed 
utilizing pMRI methods. Employed like 
this, the MS-CAIPIRINHA concept facili-
tates an increase of both, anatomic cov-
erage and spatial resolution with high 
SNR efficiency. Since image acquisition 
time does not have to be shortened,  
SNR is only affected by the voxel size 
and the noise amplification of the pMRI 
reconstruction. 

Imaging 
Perfusion datasets were obtained from 
several volunteers and patients. The 
study was approved by the local Ethics 
Committee and written informed con-

sent was obtained from all subjects.  
All examinations were performed on a  
clinical 3T MAGNETOM Trio, a Tim sys-
tem (Siemens AG, Healthcare Sector, 
Erlangen, Germany), using a dedicated 
32-channel cardiac array coil (Siemens 
AG, Healthcare Sector, Erlangen, Ger-
many) for signal reception. Myocardial 
perfusion was assessed using a SR FLASH 
sequence (FOV 320 × 300-360 mm2; 
matrix 160 × 150-180; TI 110-125 ms; 
TR 2.8 ms; TE 1.44 ms; TAcq 191-223 ms; 
slice thickness 8 mm; flip angle 12°). 
Two slices were excited at the same time 
(distance between simultaneously 
excited slices: 24-32 mm) and shifted by 
½ FOV with respect to each other by 
respectively providing the first and sec-
ond slice with a 0° and 180° rf phase 
cycle. In order to realize a spatial resolu-
tion of 2.0 × 2.0 mm2 within the imaging 
plane, k-space was undersampled by  
a factor of 2.5, resulting in an overall 
effective acceleration factor of 5. 

2 Myocardial first-pass perfusion study on a 52-year-old male patient 
after ST-elevating myocardial infarction and acute revascularization. 
Myocardial perfusion was examined in 6 adjacent slices by performing 
3 consecutive MS-CAIPIRINHA acquisitions every RR-interval (FOV 
320 × 360 mm2; matrix 160 × 180; TI 125 ms; TAcq 223 ms; distance 
between simultaneously excited slices: 24 mm). (2A) Sections of the 
reconstructed images of all 6 slices showing the pass of the contrast 
agent through the myocardium. The hypoperfused area is depicted by 
arrows. (2B) Image series showing the contrast uptake in the myocar-
dium of slice 3. The acquisition time point (RR-interval) is given for 
each image and the perfusion defect is indicated by arrows. (2C) 
g-factor maps for the reconstruction shown in (2A).
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3 Myocardial first-pass perfusion 
study on a 51-year-old female volun-
teer with whole heart coverage.  
6 consecutive MS-CAIPIRINHA acquisi-
tions were performed every two RR-
intervals (FOV 320 × 300 mm2; matrix 
160 x 150; TI 110 ms; TAcq 191 ms;  
distance between simultaneously 
excited short/long axis slices: 
32/16 mm). (3A) Sections of the 
reconstructed short axis images. (3B) 
Sections of the reconstructed long 
axis images. (3C) Series of image sec-
tions showing the contrast uptake in 
the myocardium of slice 2. The acqui-
sition time point (RR-interval) is given 
for each image. (3D) g-factor maps 
for the reconstructions shown in (3A).  
(3E) g-factor maps for the reconstruc-
tions shown in (3B). (3F) Measurement 
scheme. The acquisition was per-
formed with a temporal resolution of 
1 measurement every 2 RR-intervals.
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All first-pass perfusion measurements 
were conducted in rest over a total of 40 
heartbeats. All subjects were asked to 
hold their breaths during the acquisition 
as long as possible. Every RR-interval, 3 
to 4 consecutive MS-CAIPIRINHA acquisi-
tions were performed in order to sample 
the contrast uptake of the myocardium. 
For contrast enhancement, a contrast 
agent bolus (4 ml, Gadobutrol, Bayer 
HealthCare, Berlin, Germany) followed 
by a 20 ml saline flush was administered 
at the beginning of each perfusion scan.
Image reconstruction was performed 
using an offline GRAPPA [14] reconstruc-
tion. The according weights were deter-
mined from a separate full FOV calibra-
tion scan. To evaluate the GRAPPA 
reconstruction, an additional noise scan 
was obtained and the g-factor noise 
enhancement was quantified [15]. All 
calculations were performed on a stand-
alone PC using Matlab (The MathWorks, 
Natick, MA, USA).

Results
Figure 2 shows the results of a myocardial 
first-pass perfusion examination with 
6-slices on a 52-year-old male patient 
(91 kg, 185 cm) on the fourth day after 
STEMI (ST-elevating myocardial infarc-
tion) and acute revascularization. Sec-
tions of the reconstructed images of all 
examined slices are depicted, showing 
the first pass of contrast agent through 
the myocardium (Fig. 2A). Also dis-
played is a series of image sections  
demonstrating contrast uptake in slice 3 
(Fig. 2B). The GRAPPA reconstruction 
separated the simultaneously excited 
slices without visible artifacts. The g-fac-
tor maps (Fig. 2C) indicate generally  
low noise amplification. Thus, in com-
parison to the high effective accelera-
tion factor of 5, the images provide 
excellent image quality. Both contrast 
and SNR allow for a clear delineation of 
the subendocardial hypoperfused area 
within the anterior and septal wall of the 
myocardium (arrows). 
The results of a first-pass perfusion 
study with whole heart coverage are dis-
played in Fig. 3. In a 51-year-old female 

volunteer, first pass perfusion was exam-
ined in eight short (Fig. 3A) and four 
long axis slices (Fig. 3B). In order to 
accomplish the 12-slice examination and 
to achieve whole heart coverage, tem-
poral resolution was reduced by a factor 
of two with respect to the examination 
displayed in Fig. 2. The contrast uptake 
of the myocardium was sampled with  
1 measurement every two RR-intervals 
by performing 3 out of 6 consecutive 
double-slice MS-CAIPIRINHA acquisitions 
every heartbeat (Fig. 3F). Image recon-
struction could be performed without 
visible artifacts and generally low noise 
amplification (Figs. 3D and E). Only in  
a few regions, the g-factor maps show 
moderate noise enhancement. In the 
images, the myocardium is homoge-
neously contrasted and the contrast 
agent uptake is clearly visible (Fig. 3C).
The findings of a first-pass perfusion 
study in a 48-year-old male patient 
(80 kg, 183 cm) on the eighth day after 
STEMI and acute revascularization are 
presented in Fig. 4. An overall of 8 slices 
were acquired with a temporal resolution 
of 1 measurement every RR-interval by 
performing 4 consecutive MS-CAIPIRINHA 
acquisitions after each ECG trigger pulse. 
Sections of the reconstructed images, 
showing the first pass of contrast agent 
through the myocardium in all 8 slices 
(Fig. 4A) are depicted together with  
sections demonstrating the process of 
contrast uptake in slice 5 (Fig. 4B). 
Despite the breathing motion (Fig. 4D), 
the GRAPPA reconstruction performed 
robustly and separated the slices with-
out significant artifacts. The g-factor 
noise amplification is generally low and 
moderate within a few areas (Fig. 4C).  
In the images, the hypoperfused suben-
docardial region in the anterior wall can 
be clearly identified (arrows). As can be 
seen from the enlarged section of slice 5 
(Fig. 4F), the technique provides suffi-
cient spatial resolution to distinguish 
between subendocardial and transmural 
perfusion defects. These findings cor-
respond well to the results of a subse-
quently performed Late Enhancement 
study (Fig. 4E) delineating a transmural 

infarction zone of the anterior wall  
(midventricular to apical).

Discussion
Contrast-enhanced myocardial first-pass 
perfusion MRI with significantly 
extended anatomic coverage and high 
spatial resolution can be successfully 
performed by employing the MS-CAIPIR-
INHA concept for simultaneous multi-
slice imaging. Basically, two different 
acceleration approaches are combined: 
the simultaneous excitation of two slices 
on the one hand and k-space undersam-
pling on the other. While the first 
directly doubles the number of slices 
acquired, the second provides sufficient 
acceleration for improving the spatial 
resolution. The proposed imaging proto-
cols provide an effective acceleration 
factor of 5, which is sufficient for the 
acquisition of 6 to 8 slices every RR-
interval with a high spatial resolution of 
2.0 × 2.0 × 8 mm3. Correspondingly, 
whole heart coverage can be achieved 
by sampling 12 slices with a temporal 
resolution of 1 measurement every 2 RR-
intervals. Since the slices can be planned 
with individual thickness and pairwise 
specific orientation, the concept thereby 
provides high flexibility. With image 
acquisition times of 191 ms, it also sup-
ports stress examinations in 6 slices up 
to a peak heart rate of 104 bpm.
Employing a dedicated 32-channel car-
diac array coil, the image reconstruc-
tions could be performed without signi-
ficant reconstruction artifacts and only 
low to moderate g-factor noise amplifi-
cation. Also in presence of breathing 
motion, the GRAPPA reconstruction per-
formed robustly. The images provided 
sufficient SNR and contrast between 
blood, myocardium and lung tissue to 
delineate small perfusion defects and to 
differentiate between subendocardial 
and transmural hypoperfused areas. 
Compared to conventional parallel MRI, 
the MS-CAIPIRINHA concept benefits 
from the high SNR efficiency discussed 
earlier. Simultaneous multi-slice excita-
tion allows increasing the coverage 
without supplementary k-space under-
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sampling. At the same time the g-factor 
noise amplification is minimized  
by exploiting coil sensitivity variations  
in both, slice and phase encoding  
direction. Thus, despite the doubled 
anatomic coverage, the image quality 
obtained is comparable to that of an 

accelerated measurement with stan-
dard coverage and high spatial resolu-
tion [5]. An important feature of the  
MS-CAIPIRINHA concept in myocardial 
first-pass perfusion MRI is the frame-by-
frame reconstruction, which prevents 
the reconstructed images to be affected 

by temporal blurring. Moreover, arrhyth-
mia and breathing motion only impact 
the underlying time frame and not the 
whole image series, as it is likely for 
reconstruction techniques incorporating 
the temporal domain [16–19].

4 Myocardial first-pass perfusion study on a 48-year-old male patient after ST-elevating myocardial infarction and acute revascularization. 8 
slices were acquired every RR-interval by performing 4 consecutive MS-CAIPIRINHA acquisitions (FOV 320 × 300 mm2; matrix 160 × 150; TI 110 ms; 
TAcq 191 ms; flip angle 10°; distance between simultaneously excited slices: 32 mm). (4A) Sections of the reconstructed images of all 8 slices 
showing the first pass of the contrast agent through the myocardium. The hypoperfused area is depicted by arrows. (4B) Image series showing 
the contrast uptake in the myocardium of slice 5. The acquisition time point (RR-interval) is given for each image and the perfusion defect is indi-
cated by arrows. (4C) g-factor maps for the reconstruction shown in (4A). (4D) Displacement of the heart due to breathing motion, example for 
slice 4. (4E) Late gadolinium enhancement. (4F) Enlarged section of slice 5. The technique allows distinguishing between subendocardial and 
transmural perfusion defects. 
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Simultaneous multi-slice excitation is,  
of course, linked to an increase in the 
amount of energy that is deployed to 
the subject under investigation. Thus, 
limitations have to be expected at higher 
field strengths or when using sequences 
with larger flip angles, such as TrueFISP. 
At 1.5 Tesla, the application of the MS-
CAIPIRINHA concept to TrueFISP has 
been successfully demonstrated utilizing 
advanced rf phase cycling [11].
In all in-vivo examinations, the distance 
between the two slices excited simulta-
neously was maximized in order to make 
use of the highest possible coil sensitiv-
ity variations in slice direction and to 
minimize the g-factor penalty. Thus, the 
spatial distance between consecutively 
acquired cardiac phases is large which 
might be a possible drawback for corre-
lating hypoperfused regions of the myo-

cardium. While the latter was feasible 
for all in-vivo studies, slice distance  
naturally can be reduced at the expense 
of slightly more noise enhancement. 

Conclusion
Utilizing the MS-CAIPIRINHA concept for 
simultaneous multi-slice imaging, con-
trast-enhanced myocardial first-pass per-
fusion MRI can be performed with an 
anatomic coverage of 6 to 8 slices every 
heart beat and a high spatial resolution 
of 2.0 × 2.0 × 8 mm3. Based on the simul-
taneous excitation of multiple slices, the 
concept provides significantly higher 
SNR than conventional in-plane acceler-
ation techniques with identical accelera-
tion factor and facilitates an accurate 
image reconstruction with only low to 
moderate g-factor noise amplification. 
Taking into account the high flexibility, 

simple applicability and short recon-
struction times in addition to the high 
robustness in presence of breathing 
motion or arrhythmia, the concept can 
be considered a promising candidate  
for clinical perfusion studies.
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