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A B S T R A C T

Purpose: Simultaneous acquisition of myocardial first-pass perfusion MRI and 18F-FDG PET viability imaging on
integrated whole-body PET/MR hybrid systems synergistically delivers both functional and metabolic in-
formation on the tissue state. While PET viability scans are inherently three-dimensional, conventional MR
myocardial perfusion imaging is typically performed using only three short-axis slices with a temporal resolution
of one RR-interval. To improve the integrated diagnostics, an acquisition and image reconstruction method
based on “Multi-Slice Controlled Aliasing In Parallel Imaging Results IN Higher Acceleration (MS-CAIPIRINHA)”
was developed extending anatomical coverage for MR perfusion imaging to six short-axis slices per RR-interval.
Methods: An ECG-gated radial TurboFLASH MR pulse sequence with dual band excitation was implemented on
an integrated whole-body PET/MR system and a model-based reconstruction technique was developed to fully
reconstruct the undersampled CAIPIRINHA acquisitions. An 18F-FDG viability PET scan was performed si-
multaneously to the MR protocol, additionally complemented by a late enhancement MRI acquisition (LGE).
Results and conclusion: The developed imaging technique was tested in five patients with known collateralized
coronary total occlusions, resulting in improved characterization of perfusion across areas of decreased tissue
viability as indicated by the simultaneously determined 18F-FDG uptake. While conventional MR perfusion with
only three slice positions was occasionally missing substantial parts of the viable area, the new approach
achieved LV coverage only slightly inferior to LGE imaging and therefore better comparable to PET results. The
quality of first-pass enhancement curves was comparable between conventional and radial
MS-CAIPIRINHA-based acquisitions.

1. Introduction

The clinically feasible integration of MRI and PET to create a hybrid
imaging system has been introduced in 2010 [1,2]. The development
was motivated by the vision of combining the excellent spatial resolu-
tion and soft tissue contrast of MRI and the distinguished capabilities of
PET in molecular imaging at the cellular level [3,4].

Besides a variety of valuable applications in oncology [5], PET/MR
imaging bears great potential in particular also for the investigation of
cardiovascular diseases [6,7]. The simultaneous, multiparametric as-
sessment of disease in the myocardium in conjunction with high quality
anatomical and functional information justifies the expectation that
integrated cardiovascular PET/MR can add clinical value with respect
to PET/CT or to a sequential MR and PET scan.
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One of the major issues with this hybrid imaging approach is,
however, to achieve an equal anatomical coverage on both the MR and
the PET side for a meaningful combined analysis. In myocardial per-
fusion imaging, for example, MRI delivers high temporal and in-plane
spatial resolution; however, conventional saturation-prepared gradient-
echo based methods [8–10] typically are only capable of scanning three
to four slices per heartbeat with reasonable signal-to-noise ratio (SNR).
Conversely, PET myocardial perfusion assessment as well as PET via-
bility imaging are inherently three-dimensional and therefore allow a
more complete investigation of the heart. An extension of the anato-
mical coverage on the MR side is therefore desirable, and different
approaches aiming at this goal have recently been proposed: Classical
parallel imaging [11,12] is usually already exploited in clinical proto-
cols [10,13,14], however, the achieved acceleration is strictly limited
by the inherent noise amplification. “Multi-Slice Controlled Aliasing In
Parallel Imaging Results IN Higher Acceleration” (MS-CAIPIRINHA
[15]) significantly relaxes this restriction by applying a volumetric
multi-slice excitation and sophisticated phase-cycling, which facilitates
a parallel imaging-based separation of aliased object information. This
technique may be used, for example, to acquire two short-axis slices of
the myocardium within the time necessary to scan a single slice at the
Nyquist-sampling rate without sacrificing part of the signal-to-noise
ratio (SNR) [16].

Furthermore, compressed sensing [17] based techniques may ad-
ditionally be applied to enable a further increase of acceleration factors
in first-pass myocardial MR imaging [18–21]. These methods exploit
redundancies within the data by transformation into a domain where
they exhibit a sparse representation.

In this manuscript, we propose a Saturation-Recovery (SR) MR first-
pass myocardial perfusion measurement technique with extended
anatomical coverage for an application on integrated PET/MR systems.
The method is based on MS-CAIPIRINHA with radial read-outs and a
model-based image reconstruction following the theory of compressed
sensing.

MS-CAIPIRINHA-based perfusion measurements were tested in five
patients with known collateralized coronary total occlusions against a
conventional SR-FLASH perfusion sequence. Both were compared with
respect to anatomical coverage and data quality in conjunction with
simultaneously acquired 18F-FDG viability PET data as well as Late
Gadolinium Enhancement (LGE) images covering the whole left-ven-
tricular (LV) myocardium. In addition, Cartesian MS-CAIPIRINHA was
applied instead of the suggested radial approach for two further pa-
tients, in order to investigate the expected SNR benefit in the case of
radial MS-CAIPIRINHA, previously presented for phantom and head
imaging in [22].

2. Theory

2.1. Radial MS-CAIPIRINHA

When using parallel imaging for acceleration of MR data acquisi-
tion, the geometry factor g typically represents an important measure
for evaluating image quality. If an acceleration factor R with respect to
the Nyquist-sampling-rate is used, the signal-to-noise ratio of the re-
constructed image (SNRparallel imaging) is reduced with respect to a fully
sampled equivalent image by [11]

=SNR
SNR

g Rparallel imaging
Nyquist

The g-factor therefore represents an SNR-loss on top of the in-
evitable loss due to the reduced number of samples characterized by

R . It can be interpreted as a (spatially dependent) measure of how
well the parallel imaging algorithm is capable of unfolding pixels,
which are aliased due to the accelerated measurement. If the sensitiv-
ities of the applied coil array feature low variation for superimposed
pixels, the reconstruction problem may be ill-conditioned, ultimately
leading to an undesirable increase of g.

CAIPIRINHA represents a technique which elegantly modifies the

Fig. 1. MS-CAIPIRINHA for Cartesian and radial trajectories. The images in the center represent two parallel fully sampled short-axis slices through the myocardium.
The legend indicates the RF-phase, which was toggled between 0 and π in slice 2 for the CAIPIRINHA-acquisitions in (a) and (b).
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RF excitation or k-space sampling pattern to beneficially alter the ap-
pearance of aliasing artifacts, thereby maximally exploiting the en-
coding capabilities of the coil array [15]. In MS-CAIPIRINHA, which is
the technique to be used for the proposed MR perfusion measurement,
two or more slices are excited simultaneously by a multi-band RF pulse
and encoded in an undersampled measurement.

The most straightforward example of a Cartesian dual-band CAIPI-
RINHA acquisition is illustrated in Fig. 1a. If the two slices were excited
simultaneously without any further modification, slice 1 and slice 2
would be superimposed on top of each other within the resulting image
(not shown), rendering a separation via parallel imaging challenging if
coil sensitivities show only little variation between the possibly ad-
jacent positions in slice direction. In order to address this issue, Car-
tesian MS-CAIPIRINHA (Fig. 1a) typically applies slice-specific phase-
cycling to shift the simultaneously excited slices with respect to each
other in image space [15]. In Fig. 1a, the phase of slice 2, i.e. the second
band of the RF-pulse, was alternated between 0 and for consecutive
phase encoding steps, shifting the slice by half a field of view (FOV).
This results in both a reduction of the average aliasing energy in pixels
of the obtained image (bottom of Fig. 1a) as well as a higher variation
of coil sensitivities for superimposed information. Therefore, g-factors
are typically low, which additionally increases the SNR benefit due to
the volumetric/simultaneous excitation [15,23,24].

While information is still aliased in a rather coherent manner for
Cartesian MS-CAIPIRINHA, the corresponding application of phase-cy-
cling in radial projection imaging leads to a much more incoherent
spread of the information from slice 2 in the resulting image [22]
(Fig. 1b). Application of an equivalent pattern (0, ) as in Fig. 1a causes
destructive interference in the center of k-space for slice 2. Contrast
information is – depending on the grade of undersampling – wiped out
and the residual “image” contains only incoherent or noise-like in-
formation originating from the periphery of k-space. Multiplying the
utilized phase-cycle to the acquired projections, consequentially leads
to a constructive depiction of slice two, while the information from slice
1 is superimposed incoherently. As reduced aliasing energy ultimately
facilitates a reduction of the g-factor with respect to a corresponding
Cartesian acquisition [22], radial MS-CAIPIRINHA was used to extend
the anatomical coverage in MR perfusion imaging [21] on the PET/MR
system in this study. A comparison showing the SNR benefit of radial
with respect to Cartesian CAIPIRINHA has been presented recently
[25]. For a more detailed description of MS-CAIPIRINHA, the reader is
referred to references [15,16,18,22].

2.2. Model-based image reconstruction

Effective parallel imaging reconstruction in conjunction with radial
trajectories is facilitated through iterative algorithms [21,22,26]. In
order to further enhance image quality in reconstructions of under-
sampled measurements, an additional sparsity constraint as applied for
compressed sensing [17] was used within the algorithm developed for
this project. Therein, undersampled data from a radial dual-band ac-
quisition as illustrated in Fig. 1b were subjected to the following opti-
mization to fully reconstruct two images I1 and I2:
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Here, y corresponds to the measured radial k-space data for all coils. Esl
represents the encoding operator, which incorporates an inverse
Fourier transform, the re-gridding back to the initial radial projections,
and the superposition of the coil sensitivities to obtain multi-coil data.
The index sl refers to the slice number and runs from 1 to 2 for a dual-
band acquisition. sl represents the CAIPIRINHA phase modulation
used for the acquisition, and Ψ transforms from image space into the
spatial wavelet domain where the images are assumed to be sparse.

balances the weighting of sparsity and data consistency terms and was
chosen empirically for our study. The Wavelet-sparsity term not only
suppresses the incoherent artifacts resulting from undersampling as
well as from the second slice but also incorporates a de-noising func-
tionality such that overall, the described method is expected to out-
perform a corresponding Cartesian MS-CAIPIRNHA technique with
standard parallel imaging reconstruction with respect to SNR.

We performed the optimization by means of projection onto convex
sets (POCS) and implemented the corresponding algorithm in MATLAB
(MathWorks, Natick, MA, USA). All reconstructions were executed on
an Intel Core i7-3820 CPU @ 3.60 GHz.

3. Methods

3.1. Patient study

For this study, MS-CAIPIRINHA and conventional perfusion imaging
datasets were acquired in the context of a cardiac PET/MRI viability
protocol on an integrated whole body PET/MR system (Biograph mMR,
Siemens Healthcare, Erlangen, Germany). The study was approved by
the local ethics committee and all patients gave written informed
consent prior to scanning.

Perfusion imaging, LGE and 18F-FDG viability PET were executed
during the same scan sessions in seven patients with collateralized
coronary total occlusions (CTO, #4: right coronary artery, #2: left
anterior descending artery, #1: left circumflex artery). All patients re-
ceived conventional perfusion imaging, with two of seven receiving
additional Cartesian MS-CAIPIRINHA and the other five receiving ad-
ditional radial MS-CAIPIRINHA perfusion imaging. During patient
scans, conventional perfusion acquisition preceded MS-CAIPIRINHA
acquisitions, and both were executed after injection of separate boluses
of gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA). This
resulted in a split of the full Gd-DTPA dose (0.2mM/kg) given to each
patient into three bolus injections, i.e. two injections of 0.05mM/kg for
the two (conventional and MS-CAIPIRINHA) perfusion scans, and one
subsequent injection of the remaining 0.1 mM/kg for LGE imaging. The
MS-CAIPIRINHA scan was always performed either in radial or
Cartesian mode, so that each patient dataset consisted of one conven-
tional and one MS-CAIPIRINHA acquisition. Execution of three con-
secutive perfusion scans (conventional as well as both Cartesian and
radial MS-CAIPIRINHA) was generally not feasible due to an in-
acceptable prolongation of the clinical scan protocol. Note that com-
parability with respect to SNR between perfusion scans from additional
consecutive Gd-DTPA injections would have been limited by the ele-
vated level of baseline contrast enhancement from the preceding in-
jections. As the clinical protocol demanded a conventional perfusion
scan, Cartesian and radial MS-CAIPIRINHA acquisitions were compared
individually to conventional perfusion scans with respect to SNR for
example cases only. The main focus of the evaluation described in this
manuscript was therefore a comparison between radial
MS-CAIPIRINHA and conventional perfusion acquisitions. Both of these
approaches were furthermore compared to LGE and PET imaging with
respect to LV coverage and the spatial characterization of LGE-positive
viability defects. Additionally, enhancement curves from both perfusion
acquisitions were qualitatively inspected after signal baseline normal-
ization, in order to compare relative signal behavior in LGE-positive
slices.

3.2. Myocardial perfusion MRI acquisition scheme

Fig. 2 illustrates the protocol for imaging first pass myocardial
perfusion: Three SR-prepared imaging blocks were acquired per RR-
interval for 60–90 consecutive heartbeats under free breathing condi-
tions.

For all MS-CAIPIRINHA acquisitions, dual-band RF pulses were used
for excitation with the usual RF spoiling quadratic phase cycle, and an
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additional RF phase that alternated between 0 an for the second band
(see 2.1 and Fig. 1). For radial sampling, an earlier Cartesian MS-CAI-
PIRINHA sequence prototype based on TurboFLASH [27] was modified.

Each radial acquisition block consisted of 52 radial projections and
a golden angle increment [28] was used for consecutive read outs. This
corresponds to an acceleration factor of about 10 with respect to a ra-
dial acquisition of two slices obeying the Nyquist sampling rate on a
160×160 grid (2×π/2×160≈502). The respective algorithms,
described in Sections 2.2 and 2.1 were then used to reconstruct two
short-axis slices for each block as shown at the bottom of Fig. 2. For
radial acquisitions, the coil sensitivities for each block and slice sl were
determined by an oversampled pre-scan under breath hold prior to
contrast agent injection. The pre-scan was performed with the same
pulse sequence as for the subsequent perfusion measurement, however
with just one repetition and 1200 projections for each block / dual-
slice. For the two additional Cartesian MS-CAIPIRINHA patient cases,
data were acquired with 49 phase encoding steps per block leading to a
comparable acquisition time as for the radial approach, and TGRAPPA
[29] was used to reconstruct images with a grid size of 192× 112 (the
second dimension corresponds to the phase encoding direction).

The remaining imaging parameters for both pre- and perfusion-scan
are listed hereafter. These were the same for radial and Cartesian ac-
quisitions unless stated otherwise: Gap between adjacent
slices= 2mm, distance between simultaneously acquired
slices= 30mm, slice thickness= 8mm, total slice coverage=58mm,
TE=1.03ms, TR=2.33ms, flip angle= 9-12°, in-plane resolu-
tion=1.88mm×1.88mm (radial) or 2.04mm×2.04mm
(Cartesian), image matrix= 160×160 (radial) or 192×112
(Cartesian).

For comparison, a conventional SR-FLASH perfusion sequence
([30], no MS-CAIPIRINHA acceleration) with Cartesian k-space or-
dering and three slices per RR-interval was performed with similar se-
quence parameters as described above (see Fig. 2b for an depiction of
the anatomical coverage): Gap between adjacent slices= 8mm, slice
thickness= 8mm, total slice coverage=40mm, TE=1.03ms,

TR=2.33ms, TI= 100ms, flip angle= 15°, in-plane resolu-
tion= 2.04mm×2.04mm, image matrix= 192×144, 65 k-space
lines using 3-fold GRAPPA with 36 integrated reference lines. No si-
multaneous multi-slice technique was exploited in this case.

3.3. 18F viability PET

18F-FDG viability imaging after metabolic preparation by in-
travenous insulin-clamping was performed simultaneously to the MR
investigation to optimize myocardial FDG uptake. List-mode PET data
were acquired for 45min starting 60min after injection of 18F-FDG.
Attenuation correction used a 2-point Dixon MRI sequence as pre-
viously described [31]. Body parts truncated in the attenuation map
due to a limited MRI field-of-view were recovered from PET data using
the maximum likelihood reconstruction of attenuation and activity
(MLAA) approach [32]. A 3D attenuation-weighted ordered-subsets
expectation maximization iterative reconstruction algorithm (AW-
OSEM 3D) was used for reconstruction with three iterations and 21
subsets, Gaussian smoothing at 4mm full width at half maximum,
matrix size 344× 344, zoom 1, and a resulting spatial resolution of
5mm.

3.4. MRI tissue characterization

After a cumulative dose of 0.2mM/kg Gd-DTPA and 15min equi-
librium time, LGE imaging was performed with full left ventricular
coverage (9–12 slices, slice thickness= 8mm). Additionally, extra-
cellular volume (ECV) maps were generated at the same three slice
positions as the conventional SR-FLASH perfusion acquisition.
Therefore, using a Modified Look-Locker Inversion Recovery (MOLLI)
sequence, T1 maps were acquired before (5(3)3-scheme) and 15min
after (4(2)3(1)2-scheme) contrast injection, immediately followed by
LGE imaging.

Fig. 2. (a) Imaging protocol for the MR perfusion measurements performed in our study. Three SR-prepared radial dual-slice acquisitions were performed under ECG-
gating. The proposed model-based algorithm was then used to reconstruct six short-axis slices per RR-interval. (b) Long-axis view depicting the planning of short-axis
views acquired during MR perfusion imaging. Yellow slices show the anatomical coverage of the conventional acquisition technique. Green slices are added by using
the presented simultaneous multi slice technique, yielding six short axis slices in total (yellow and green). The additionally performed Cartesian MS-CAIPIRINHA
acquisitions followed the same procedure. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Results

Images from the perfusion series acquired using the proposed radial
MS-CAIPIRINHA-based MR technique are shown in Fig. 3a exemplarily

for a patient exhibiting a medium-sized defect in the inferior wall.
In Fig. 3b, the same analysis is depicted for the conventional MR

perfusion measurement using three short-axis slices. Next to the MR-
images, the corresponding 18F-FDG PET images fused to the same

Fig. 3. Radial MS-CAIPIRINHA-based (a) and conventional (b) MR perfusion series in conjunction with corresponding summed 18F-FDG images reconstructed for the
same slice positions. Exemplary patient exhibiting an inferior viability defect towards the LV base.

Fig. 4. LGE images acquired across the entire left ventricle of the same patient as in Fig. 3. The medium-sized inferior viability defect is delineated as a hyperintense
region corresponding to an increase in extracellular volume.
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short-axis slice positions are depicted, which are corroborating the
viability defect. Fig. 4 complements the evaluation with a presentation
of the LGE image series, which was used in conjunction with the me-
tabolic information from the PET data to assess the size of the viability
defect. In comparison with the conventional technique (Fig. 3b), the
radial MS-CAIPIRINHA-based method (Fig. 3a) enabled an improved
characterization of perfusion across areas of decreased tissue vitality as

indicated by the simultaneously determined 18F-FDG uptake. While
conventional MR perfusion with only three slice positions was missing
substantial parts of the viability defect, the new approach achieved an
LV coverage (gap between slices= 2mm), which was only slightly in-
ferior to LGE imaging (Fig. 4, (gap between slices= 0mm)) and
therefore better comparable to 3D PET results. A similar version of
Figs. 3 and 4 has been shown in [38].

Fig. 5. Extracellular volume (a), LGE (d) and baseline-normalized regional perfusion curves for both conventional (c) and radial MS-CAIPIRINHA-based perfusion
imaging (f), with segmentation according to the standard AHA model (b/e). LGE and ECV depict the very subtle inferior/inferolateral viability defect due to a CTO of
the RCA, while both perfusion methods show a comparable pattern of decreasing dynamic enhancement in the corresponding territories.

Fig. 6. MR perfusion series and corresponding summed 18F-FDG images for the patient depicted in Fig. 5 exhibiting an RCA CTO. The MR images in (a) were
determined by the radial MS-CAIPIRINHA-based method, while those in (b) correspond to the conventional approach. The LGE defect sites are indicated by white
arrows, sites of comparably decreased signal quality/homogeneity outside the defect areas using the radial approach are highlighted in red. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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For the second example patient, a subtle inferolateral defect in the
occluded RCA territory is visualized in Fig. 5, both by absolute extra-
cellular volume (a) and LGE (d). In addition, examples for a set of
baseline-normalized enhancement curves are shown after segmentation
of a mid-ventricular slice according to the standard AHA model for both
conventional (b/c) and radial MS-CAIPIRINHA acquisitions (e/f).

These exhibit similarly subtle reductions of dynamic enhancement
signal in the inferior/inferolateral regions, concordant with ECV and

LGE findings. Note that the baseline-normalized enhancement was
lower for the radial MS-CAIPIRINHA curves merely because these were
acquired after the conventional perfusion data, i.e. normalization was
performed on the basis of significantly higher baseline signals after the
first Gd-DTPA injection for the conventional scan. Both sets of regional
enhancement curves shown in Fig. 5c/f exhibited comparable data
quality and a matching pattern of decreased dynamic signal enhance-
ment in the inferior and inferolateral regions. However, depending on

Fig. 7. Baseline-normalized regional perfusion curves for both conventional (c) and Cartesian MS-CAIPIRINHA-based perfusion imaging (f), with segmentation
according to the standard AHA model (b/e). Compared to the radial approach (see Fig. 5f), the accelerated acquisition using Cartesian imaging showed a throughout
noisier appearance and was not able to characterize the subtle septal perfusion defect highlighted in (c), with the corresponding fibrotic tissue alterations depicted in
ECV (a) and LGE images (d). Note also the increased image noise towards the lateral/central image portion in (e).

Fig. 8. Overview of the MR-perfusion images for the three remaining patients that received radial MS-CAIPIRINHA imaging.
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the relationship between slice positioning and placement of the surface
coil array, radial MS-CAIPIRINHA data occasionally resulted in slightly
reduced data quality especially at the outer basal/apical slice positions
(See e.g. Fig. 6). The comparison of spatial coverage between both
perfusion approaches for this patient is also shown in Fig. 6.

The same comparison as shown in Fig. 5 for radial MS-CAIPIRINHA
acquisitions was made between conventional and Cartesian MS-CAIPI-
RINHA perfusion imaging. Fig. 7 shows one of the two cases for which
Cartesian MS-CAIPIRINHA data were acquired, visualizing a significant
inferiority to the corresponding conventional and radial MS-CAIPIRI-
NHA scan (see Fig. 5f) with respect to SNR. Note that the noisy baseline
signal prevented a decent surface coil intensity normalization and en-
hancement curves did not accurately depict tissue perfusion, which was
slightly reduced in the septal wall due to fibrotic alterations shown in
corresponding ECV and LGE images (Fig. 5a/d).

Ultimately, Fig. 8 shows an overview of the MR-perfusion studies in
the three remaining patients of the study that received radial MS-CAI-
PIRINHA imaging. The image quality accordingly proved to be con-
stantly high throughout all specimen of the radial approach.

5. Discussion

In the study presented in this manuscript, we have demonstrated the
advantages of applying a model-based radial MS-CAIPIRINHA MR
technique for myocardial perfusion studies on integrated PET/MR sys-
tems. The extension of the anatomical coverage to six short-axis slices
per heartbeat has shown potential to beneficially affect the combined
analysis of cardiovascular disease. In addition to the more reliable MRI-
based estimation of a total ischemic burden, pathologies such as hy-
poperfusion and matching/mismatching viability defects could be in-
vestigated more comprehensively using PET/MRI and the probability of
covering also smaller lesions has been significantly improved with re-
spect to conventional techniques. Extension of MRI coverage can also
expected to be useful for the assessment of more localized disease ef-
fects such as e.g. inflammatory processes in the myocardium using PET/
MRI [33] which as a unique multimodal imaging platform for these
purposes may only reach its full clinical potential if spatial coverage
between PET and MRI is harmonized. For radial MS-CAIPIRINHA,
perfusion data quality - as indicated by normalized enhancement curves
- was shown to be similar to conventional SR-FLASH perfusion imaging
and significantly superior to Cartesian MS-CAIPIRINHA with respect to
SNR, confirming the findings for phantom and cerebral studies in [22].

The model that was enforced within the presented reconstruction
algorithm for radial MS-CAIPIRINHA data was restricted to the spatial
domain (wavelet transform Ψ). As the temporal evolution of the image
contrast in perfusion imaging is typically smooth, models exploiting
redundancies in the temporal domain [19,21,34] are promising for a
further acceleration. In order to evoke incoherent undersampling arti-
facts through time, however, a temporal alteration of the sampling
pattern – which was kept constant in the current study – would be re-
quired. This would also allow estimating the needed coil sensitivities
from the perfusion measurement itself by reconstructing fully sampled
images with reduced temporal resolution.

Alternative techniques for accelerated MR myocardial perfusion
were presented in the past. Otazo et al. proposed a low-rank plus sparse
decomposition of the spatio-temporal imaging data matrix to enable a
separation of background and dynamic information [34]. This proved
to be a valuable model within a compressed sensing-based algorithm,
inter alia for the reconstruction of undersampled first-pass perfusion
measurements. Wang et al. [21] presented a radial MS-CAIPIRINHA
method for ungated myocardial perfusion [35], which employed tem-
poral and spatial total variation (TV) constraints within a sparsity en-
forcing reconstruction algorithm. In contrast to our approach, these
techniques also incorporate a model for the temporal domain and
therefore have the potential for increased acceleration factors and/or
increased SNR. However, enforcing a model within the temporal

domain may also increase the risk of overfitting, i.e. temporal
smoothing, which can ultimately impair the quality of the perfusion
curves [18].

Although, MR and PET data were acquired on an integrated clinical
system and at least in parts simultaneously in the presented study, MR
and PET images were reconstructed separately. Knoll et al. recently
presented an algorithm based on multi-channel regularization, which
jointly reconstructs data from both modalities [36]. The advantage of
synergistically exploiting anatomical information from all data allowed
for an improvement of the resolution and the quantitative accuracy of
PET. Furthermore, simultaneously acquired temporally and spatially
highly resolved MR data can be used to correct motion and/or partial
volume effects on the PET side [37].

6. Conclusion

The proposed radial MS-CAIPIRINHA technique is superior to cor-
responding Cartesian MS-CAIPIRINHA approaches as well as to con-
ventional single-slice imaging and thus represents a valuable means to
extend the anatomical coverage in first-pass myocardial MRI. This is
especially favorable in cardiovascular examinations on integrated PET/
MR systems, as a joint diagnosis with the simultaneously acquired
three-dimensional molecular PET information benefits from an ade-
quate coverage on the MRI-side.
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