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Purpose: This work aims to develop an approach for simultaneous water–fat separa-
tion and myocardial T1 and T2 quantification based on the cardiac MR fingerprinting 
(cMRF) framework with rosette trajectories at 3T and 1.5T.
Methods: Two 15-heartbeat cMRF sequences with different rosette trajectories de-
signed for water–fat separation at 3T and 1.5T were implemented. Water T1 and T2 
maps, water image, and fat image were generated with B0 inhomogeneity correction 
using a B0 map derived from the cMRF data themselves. The proposed water–fat 
separation rosette cMRF approach was validated in the International Society for 
Magnetic Resonance in Medicine/National Institute of Standards and Technology 
MRI system phantom and water/oil phantoms. It was also applied for myocardial 
tissue mapping of healthy subjects at both 3T and 1.5T.
Results: Water T1 and T2 values measured using rosette cMRF in the International 
Society for Magnetic Resonance in Medicine/National Institute of Standards and 
Technology phantom agreed well with the reference values. In the water/oil phan-
tom, oil was well suppressed in the water images and vice versa. Rosette cMRF 
yielded comparable T1 but 2~3 ms higher T2 values in the myocardium of healthy 
subjects than the original spiral cMRF method. Epicardial fat deposition was also 
clearly shown in the fat images.
Conclusion: Rosette cMRF provides fat images along with myocardial T1 and T2 
maps with significant fat suppression. This technique may improve visualization of 
the anatomical structure of the heart by separating water and fat and could provide 
value in diagnosing cardiac diseases associated with fibrofatty infiltration or epicar-
dial fat accumulation. It also paves the way toward comprehensive myocardial tissue 
characterization in a single scan.
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1 |  INTRODUCTION

In non-Cartesian MRI, fat signals are a dominant source of 
off-resonance artifacts. Fat can cause blurring in images col-
lected along non-Cartesian sampling schemes, such as spiral 
and radial, instead of simply a spatial shift in the readout di-
rection as in Cartesian MRI. In order to reduce these chemi-
cal shift artifacts due to fat, fat suppression techniques can be 
used to destroy fat signals before acquisition by exploiting the 
differences in T1 or chemical shift of water and fat, resulting 
in dark areas of fat in the image.1 Water excitation techniques 
can also be used to select water but not fat protons by means 
of spectral spatial pulses.2 Alternatively, water–fat separation 
techniques provide fat images in addition to water images by 
acquiring both water and fat signals and then separating them 
with dedicated postprocessing algorithms. These techniques 
typically use multiecho Dixon methods3-8 or special data col-
lection trajectories such as rosette.9 Water–fat separation pro-
vides valuable information in various clinical applications.10 
Especially in the heart, removal of the fat signals can improve 
visualization of the anatomical structure of the heart and is 
also important for imaging coronary arteries.11 Fat identifi-
cation in the myocardium has potential value in diagnosing 
intramyocardial fat and fibrofatty infiltration and lipomas.6,8

In addition to identifying the presence of fat, relaxation 
time quantification is another important aspect in myocardial 
tissue characterization. Compared to anatomical images with 
T1- and/or T2-weighted contrast, myocardial T1 and T2 maps 
have been shown to be more sensitive to a variety of patho-
logical tissue changes, including myocardial inflammation, 
myocarditis, scar, infarcts,12-17 edema,18-20 sarcoidosis,21 and 
heart transplant rejection.22,23 Therefore, a comprehensive 
evaluation of the myocardium, including T1 and T2 quantifi-
cation as well as water–fat separation in an efficient way, is 
desirable in the clinic.

In the clinical routine, T1 and T2 mapping and fat imag-
ing in the myocardium are often performed in separate scans 
in which each scan is focused on a single tissue property. 
Recently, joint tissue property measurements in the myocar-
dium have been proposed to assess multiple tissue proper-
ties in a single scan, such as joint T1 and T2 mapping24-27; 
simultaneous T1 mapping and water–fat separation28; and 
simultaneous T1, T2 mapping, and fat imaging.29 Among 
various methods providing the potential for multiple tissue 
property characterization, the MR fingerprinting (MRF) 
framework has shown promise for myocardial mapping.30-32 
Previous studies have also explored simultaneous relaxation 

time quantification and water–fat separation/fat fraction  
quantification in the skeletal muscle, liver, brain, breast, and 
heart33-38 by combining the MRF framework with variable 
TE or multiecho acquisition.

The purpose of this work is to develop an efficient ap-
proach based on the cardiac MRF (cMRF) framework to 
provide myocardial T1 and T2 map as well as water–fat sep-
aration simultaneously in a single scan for comprehensive 
cardiac tissue characterization. Rosette trajectories were 
employed in this work for k-space data sampling as well as 
water–fat separation.9 The fact that rosette trajectories cross 
the k-space origin multiple times during each readout enables 
significant suppression of off-resonance components due to 
the destructive interference of off-resonance signals. Careful 
design of the rosette trajectory can result in significant sup-
pression of fat signals when data are reconstructed at the 
water resonance frequency, and vice versa. By embedding the 
water–fat separation capability into the data collection trajec-
tory, rosette cMRF requires a minimal modification to the 
original spiral cMRF pulse sequence32,39 while adding water–
fat separation ability with no penalty in acquisition time. B0 
inhomogeneity correction can also be performed using a B0 
map derived from the rosette cMRF data themselves. The 
proposed method was validated in the International Society 
for Magnetic Resonance in Medicine/National Institute of 
Standards and Technology MRI system phantom and water/
oil phantoms. It was also applied for myocardial tissue map-
ping in healthy subjects at both 3T and 1.5T.

2 |  METHODS

2.1 | Trajectory and sequence design

The rosette trajectory has been used for water–fat separa-
tion,9,40,41 simultaneous multislice imaging,42,43T∗

2
 map-

ping,44-46 and spectroscopic imaging47 due to its spectral 
selectivity properties since the 1990s. As the trajectory is 
played out, off-resonance spins accumulate phase, which 
is determined by the off-resonance frequency and readout 
timing; on-resonance spins are not associated with a phase 
term. Note that the rosette trajectory returns to the center 
of k-space multiple times during the readout; each time the 
trajectory crosses the center of k-space, signals at some off-
resonance frequencies can destructively interfere due to their 
phase differences if the timing is set properly. This signal 
cancellation can lead to a suppression of the signal from these 
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off-resonance spins. Interested readers are referred to these 
excellent works9,40-45,47,48 for more details on the spectral 
properties of rosette trajectories.

In this work, rosette trajectories were designed using the 
time optimal gradient design software package developed by 
Vaziri and Lustig49,50 with the maximum gradient amplitude 
of 23 mT/m and maximum slew rate of 145 T/m/s for both 
3T and 1.5T MRI scanners. The oscillation frequency w1, 
rotational frequency w2, and number of petals in the rosette 
trajectories were designed according to the following criteria: 
FOV 300 × 300 mm2, matrix size 192 × 192, in-plane resolu-
tion 1.56 × 1.56 mm2, and effective fat suppression at 3T or 
1.5T. Two types of rosette trajectories can be generated using 
different w1 and w2 values (w1 > w2 for class I; w1 < w2 for 
class II), for which w1 determines the sampling density along 
the trajectory and w2 determines the shape of the petal.48 
The off-resonance suppression behavior of the trajectory is 
primarily determined by the shape of the petals and readout 
duration (a longer readout duration corresponds to more nar-
rowly spaced “null bands” in the spectral domain).40 In this 
proof-of-concept work, a fixed value of w1 with varied w2 
values and readout durations were used to generate multiple 
class I and class II candidate trajectories. To evaluate their 
spectral responses, simulation studies were performed on a 
numerical circular phantom by sweeping the off-resonance 

frequency from 0 to 500  Hz with a step size of 5  Hz and 
measuring the corresponding signal intensities in the phan-
tom. At 3T, a class II rosette trajectory (denoted as rosette 
A) with 4 zero-crossings, w1 = 0.676π rad/s, and w2 = 1.01π 
rad/s (Figure 1A) was used to suppress fat at ~−440 Hz; at 
1.5T, a class II rosette trajectory (denoted as rosette B) with  
5 zero-crossings, w1 = 0.676π rad/s, and w2 = 1.2π rad/s 
(Figure 1B) was used to suppress fat at ~−220 Hz.48

The pulse sequence used in this study was the previously 
reported 15-heartbeat, 5-segment scheme ECG-triggered 
cMRF sequence39,51 based on the fast imaging with steady 
state precession MRF sequence.31 The 5 segments are orga-
nized with an inversion pulse in the first heartbeat with an 
TI of 21 ms and T2-preparation pulses in the third, fourth, 
and fifth heartbeats in each segment with TEs of 30, 50, and 
80 ms. No magnetization preparation pulse is used in the sec-
ond heartbeat. This scheme was repeated 3 times, resulting 
in an acquisition over 15 heartbeats during a breath-hold. In 
the original 15-heartbeat cMRF sequence using the spiral tra-
jectory,51 a fat saturation module was also played out before 
acquisition in every heartbeat. In the current study, in order 
to achieve water–fat separation in addition to T1 and T2 quan-
tification, the fat saturation module was turned off, and the 
original spiral readout was replaced by rosette A or rosette 
B. The acquisition window in each heartbeat was nearly the 

F I G U R E  1  Designed rosette 
trajectories and their spectral responses. 
One interleaf of rosette A (A) and rosette B 
(B) is shown, with each petal in a different 
color and petal order indicated by numbers. 
Their spectral responses were evaluated on a 
numerical phantom in simulation studies by 
sweeping the off-resonance frequency from 
0 to 500 Hz with a step size of 5 Hz (C). 
Rosette A was designed for fat suppression 
at −440 Hz at 3T, as indicated by the 
blue arrow; rosette B was designed for fat 
suppression at −220 Hz at 1.5T, as indicated 
by the red arrow
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same length (~250 ms) at end-diastole. The pulse sequence 
parameters, including a constant TR and TE, and number 
of excitations per heartbeat for rosette A and rosette B, are 
summarized in Table 1. The rosette interleaf was rotated by 
the golden angle (111°) between TRs. Ramped flip angles 
between 4° to 25°, a slice thickness of 8 mm, and in-plane 
resolution of 1.56 × 1.56 mm2 were employed in all phantom 
and in vivo experiments at both 3T and 1.5T. All data were 
acquired at the resonance frequency of water.

2.2 | Image reconstruction

A schematic showing the overall reconstruction pipeline is 
shown in Figure 2. Similar to the original cMRF method,32 
data acquired in each TR were reconstructed to generate a 
highly undersampled image using the nonuniform fast Fourier 
transform,52 leading to a series of 510 or 390 aliased images 
over 15 heartbeats for the rosette A and B sequences, respec-
tively. To further reduce aliasing artifacts originating from 
structures outside the FOV, all in vivo image reconstruc-
tions also employed an adaptive coil combination approach 
with the coil covariance calculated from regions outside the 
fully sampled FOV.53,54 Because data were collected at the 
resonance frequency of water, no additional phase term was 
added to the k-space data to produce the initial water images 
in step 1 (Figure 2). To generate the fat images, the acquired 
data were shifted to the fat resonance frequency (in other 
words, demodulated at the resonance frequency of fat) by 
multiplication of a phase term incorporating the readout du-
ration and fat resonance frequency, as shown in Equation (1):

Here If is the fat image; F denotes the operator transform-
ing non-Cartesian k-space data to the image domain; kw is ac-
quired k-space data with water on-resonance; t is an array of 
sampling time corresponding to each point of the readout in 
kw; and f is the resonance frequency of fat. A single lipid peak 
was assumed for this work. For different steps of the recon-
struction as shown in Figure 2, the resonance frequency of 
fat used for Equation (1) was either the theoretical frequency 

(−440 Hz at 3T and −220 Hz at 1.5T) or that obtained from 
the shimming procedure by identifying the peak in the fre-
quency spectrum closest to the theoretical frequency. Details 
are explained in the following sections.

2.3 | Dictionary generation and 
pattern matching

Two separate signal dictionaries, 1 for water and 1 for fat, 
including slice profile and preparation pulse efficiency cor-
rections, were generated as reported previously.55 Subject-
specific sequence timing due to variations in heart rate was 
also taken into account in the dictionary.32 For the water image 
series, the dictionary resolution, denoted by min:step:max, 
was [10:10:2000, 2020:20:3000] ms for T1 in the heart, 
[10:10:90, 100:20:1000, 1040:40:2000, 2050:100:3000] 
ms for T1 in phantoms, [2:2:100, 105:5:200, 210:10:300, 
320:20:500] ms for T2 in the heart, and [2:2:8, 10:5:100, 
110:10:300, 350:50:1000] ms for T2 in phantoms. For the fat 
image series both in the heart and in phantoms, fat signals are 
assumed to be on-resonance, and the dictionary was reduced 
to [200:10:500] ms for T1 and [40:2:100] ms for T2, consider-
ing that fat is known to have a T1 of 360~450 ms and T2 of 
48~53 ms at 3T, and T1 of 300~370 and T2 of ~53 at 1.5T.56,57 
Direct pattern matching was used in this work by calculating 
the inner products between the acquired signal time course at 
each pixel and the dictionary entries. Both were compressed 
using the singular value decomposition along the time dimen-
sion.58 The first 6 singular values that were greater than 2% 
of the first (maximum) singular value were retained and used 
for pattern matching. The T1 and T2 values associated with 
the dictionary entry that yielded largest inner product were 
assigned to the pixel to generate the T1 and T2 maps, and the 
scaling factor between the acquired signal time course and the 
dictionary entry was assigned to the pixel to form the proton 
density image whose signal intensities were normalized and 
displayed to the range of [0 1]. In step 1 (Figure 2), an initial 
fat image series was reconstructed using the fat frequency ob-
tained from the shimming procedure for Equation (1), and an 
initial fat proton density image was produced by matching the 
fat image series to the fat dictionary.

(1)If =F
(

kw. ∗ conj (exp (i2�tf))
)

.

T A B L E  1  Summary of acquisition parameters of the rosette cMRF sequences and spiral cMRF sequences with fat saturation module on and 
off at 3T and 1.5T

Trajectory
Fat sat 
module

Field 
strength TR (ms) TE (ms)

Excitations/
Heartbeat

Acquisition window/
heartbeat (ms)

Acquisition 
time

Rosette A Off 3T 7.36 1.39 34 250.2 15 heartbeats

Rosette B Off 1.5T 9.7 1.39 26 252.2

Spiral On 3T and 1.5T 5.1 1.39 50 255

Spiral Off

Abbreviations: cMRF, cardiac MR fingerprinting; Sat, saturation.
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2.4 | B0 map calculation

A B0 map was also derived from the rosette cMRF data. 
Every 2 petals of the rosette trajectory were grouped together 
to form 1 echo (petals 1 and 2 for echo 1; petals 3 and 4 for 
echo 2; petal 5 in Rosette B was not used). Each echo consists 
of approximately the same number of readout points, and the 
spacing between the 2 echoes is equal to the readout duration 
of 2 petals (ΔTE = 2.81 and 3.18 ms for rosette A and rosette 
B, for which the time to acquire the first zero-crossing point 
in the petals is defined as the TE). These 2 echoes yield 2 im-
ages, with different TEs for each TR, and thus 2 image series 
over the entire 15-heartbeat scan. To reduce aliasing artifacts 
arising from the highly undersampled images, singular value 
decomposition was performed along the time dimension of 
these 2 image series58,59 and the first coefficient images from 
each echo was used to calculate the phase difference, and 
therefore the B0 map according to Equation (2).60

Here, I∗
echo1

 is the complex conjugate of Iecho1, Iecho1 and 
Iecho2 are the images resulting from 2 echoes, respectively, 
and ΔTE is the spacing between the 2 echoes. Because the 
bandwidth of the B0 map for rosette A and B is 1/ΔTE = 
356 and 314 Hz, respectively, which is not sufficient to 
cover both water and fat (especially at 3T), the process 
described above was performed on water images and fat 
images separately to generate 2 B0 maps with water and fat 
on-resonance, respectively. Doubled bandwidth could be 
achieved with 1 petal as 1 echo; however, the images would 
suffer from severe aliasing artifacts due to limited number 
of sampling points in 1 petal. Therefore, 2 petals were used 
for each echo in this work to achieve the balance between 
image quality and B0 map bandwidth. The theoretical fat 
resonance frequency was used for Equation (1) in this step 

(2)B0 = angle
(

I∗
echo1

Iecho2

)

∕2�ΔTE.

F I G U R E  2  The reconstruction pipeline. Step 1: B0 map generation. Every 2 petals of the rosette trajectory were grouped as 1 echo (petals 
1 and 2 for echo 1; petals 3 and 4 for echo 2. Rosette A is shown here for demonstration) to generate 2 images at the water frequency or the fat 
frequency. The first coefficient images (IW1 IW2 IF1 IF2) from SVD of the water/fat image series at 2 TEs are used for B0 map calculation. Then, 
a limited bandwidth B0 map centered at water or fat frequency was calculated from the 2 images. A mask from the initial fat image was used to 
form a final composite B0 map. Step 2: Water and fat image series with 1 image from each TR were reconstructed with B0 correction. Step 3: Final 
tissue property maps and proton density images were generated by matching the water or fat image series to the corresponding dictionary. DF, fat 
dictionary; DW, water dictionary; f1, the theoretical fat frequency (ie, −440 Hz at 3T; −220 Hz at 1.5T); f2, the fat frequency obtained from the 
shimming procedure before the scan started; SVD, singular value decomposition
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to generate the fat images and fat B0 map. This approach is 
based on the assumption that each voxel is either water- or 
fat-dominant such that the phase difference between the 2 
echoes is only due to B0 inhomogeneity. A mask obtained 
from the initial fat proton density image was used to select 
fat-dominant pixels and combine the 2 B0 maps to form a 
final composite B0 map. Figure 3A-H shows a schematic of 
the B0 mapping process.

2.5 | B0 correction

Following the B0 map calculation, a frequency-segmented 
approach was employed for B0 correction (step 2 in Figure 2).  
According to the B0 inhomogeneity range obtained from 
the rosette-based B0 map, a range of demodulating frequen-
cies with a step size of 5 Hz was determined for each scan 
(−200~200 Hz was found to be sufficient for in vivo scans). 
To generate B0-corrected water images, the acquired data 
were demodulated at each frequency within the B0 map range, 
resulting in a set of images If(i) with each set demodulated at 

a frequency f. In each image set If, the pixels with true reso-
nance frequency close to the demodulating frequency f were 
assigned to form the final B0-corrected images. Similarly, to 
generate B0-corrected fat images, the acquired data were de-
modulated at the frequencies that are the sum of the theoreti-
cal fat resonance frequency and the B0 values. Then, the same 
process as described above for water signals was performed. 
In step 3 (Figure 2), the B0-corrected water and fat image 
series and the water and fat dictionaries were used to gener-
ate T1 maps, T2 maps, proton density images for both water 
and fat using pattern matching, as described in the previous 
section. Note that B0 correction was only implemented for 
rosette data in both phantom and in vivo experiments but not 
spiral acquisitions in this work.

2.6 | Phantom experiments

To validate the B0 mapping approach proposed in this 
work, the B0 map in a water/oil phantom generated from 
the rosette cMRF dataset were compared with the gradient 

F I G U R E  3  B0 map in the water/oil phantom generated from the rosette cMRF dataset compared with GRE B0 map at 3T. (A-D) The first 
coefficient images from SVD of the water/oil image series at 2 TEs. (E,F) B0 maps generated by calculating the phase difference between the 
images at 2 TEs for water (A, B) and oil (C, D), respectively. The bandwidth of each rosette B0 map here is 356 Hz. An initial oil image (G) was 
used as a mask to combine the water and oil B0 maps and generate the rosette composite B0 map (H). The GRE B0 map (I) and the residual map 
between GRE and rosette composite B0 map (J) are also shown. Averaged B0 difference in all compartments is 9.8 Hz, as shown in the residual 
map (J). (K) Scatter plot of rosette B0 values of 454 pixels in the phantom compared to those resulting from the GRE B0 map. cMRF, cardiac MR 
fingerprinting; GRE, gradient echo; SVD, singular value decomposition
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echo (GRE) B0 map on a 3T scanner (Siemens Magnetom 
Skyra, Siemens Healthineers, Erlangen, Germany). The 
water/oil phantom contained 10 vials of water doped with 
gadolinium (MultiHance, Bracco Inc, Monroe Township, 
NJ) and 1 vial of peanut oil (Kraft Heinz, Chicago, IL). The 
GRE sequence was used to acquire images at 2 TEs with 
the following parameters: FOV 300  ×  300  mm2, matrix 
size 192 × 192, slice thickness 8 mm, TR 500 ms, TE 7.1, 
and 14.2 ms. With an TE difference of 7.1 ms, both water 
and fat are in-phase on the MRI scanner (with a true field 
strength of ~2.89T), and thus a B0 map could be generated 
for both water and fat compartments without a confounding 
fat chemical shift. The rosette cMRF scan was performed 
with the same FOV, matrix size, and slice thickness. Note 
that this rosette cMRF dataset were demodulated at the true 
fat frequency (~−420 Hz on this scanner) to generate the 
fat B0 map to enable a comparison with the GRE B0 map. 
The maximum, minimum, and averaged differences in B0 
values in the vials were calculated. Differences in B0 val-
ues in the vials were also compared using a linear regres-
sion test.

The accuracy of rosette cMRF for water, T1 and T2 
quantification were validated in the International Society 
for Magnetic Resonance in Medicine/National Institute of 
Standards and Technology MRI system phantom.61,62 The 
mean and SD of the T1 and T2 values in the T2 layer within 
physiological range were measured using rosette cMRF and 
compared with manufacturer- provided reference values 
using a linear regression test. Moreover, to evaluate the dif-
ference between B0 correction using rosette-based and GRE 
B0 maps, an external B0 map was acquired using the 2 echo 
GRE sequence as described above at 3T. T1 and T2 values 
before B0 correction and after B0 correction using rosette B0 
map and GRE B0 map were compared with manufacturer- 
provided reference values using a linear regression test. T1 
and T2 measurements after B0 correction using the rosette 
B0 map and GRE B0 map were also compared using paired 
t test.

The efficacy of rosette cMRF in water–fat separation 
was demonstrated in a 2-compartment water/oil phantom 
with 1 vial of oil and 1 vial of water taken from the 11 
vials water/oil phantom described above. Rosette cMRF 
was compared with 15-heartbeat spiral cMRF without and 
with fat saturation by calculating the residual oil (water) 
signal intensity in the water (oil) proton density image. 
This phantom and the International Society for Magnetic 
Resonance in Medicine/National Institute of Standards 
and Technology phantom were both scanned on a 3T MRI 
scanner (Siemens Magnetom Skyra, Siemens Healthineers) 
and a 1.5T scanner (Siemens Magnetom Aera, Siemens 
Healthineers). All phantoms were scanned in an axial ori-
entation with an 18-channel head coil with simulated ECG 
signals at 60 bpm.

2.7 | In vivo experiments

Eleven and 5 healthy subjects were scanned after written in-
formed consent in this institutional review board-approved 
study on a 3T scanner (Siemens Magnetom Skyra, Siemens 
Healthineers) and a 1.5T scanner (Siemens Magnetom Aera, 
Siemens Healthineers), respectively. Midventricular level short 
axis slices in the heart were acquired using the proposed rosette 
cMRF sequence and the original spiral 15-heartbeat cMRF se-
quence with fat saturation. Conventional T1 and T2 mapping 
methods (MOLLI and T2-prepared FLASH on 3T; MOLLI and 
T2-prepared balanced SSFP on 1.5T) were also applied with the 
same FOV and matrix size as cMRF scans for comparison. The 
conventional scans are part of the Siemens MyoMaps product 
and used the following parameters: GRAPPA R = 2 and 6/8 
partial Fourier acquisition. The 5(3)3 version of MOLLI was 
used with an acquisition window of 277 ms. The conventional 
T2 mapping scan used a 1(3)1(3)1 acquisition scheme with T2 
preparation times of 0, 25, 55 ms, and an acquisition window of 
228 ms. Shimming was performed over the volume of the heart. 
In 1 subject at 3T, the conventional T1 mapping results were not 
available due to poor image quality for the MOLLI acquisition, 
and the conventional T2 mapping scan was not performed due 
to limited scan time. Regions of interest over the entire myocar-
dial wall were drawn manually, and the mean and SD in T1 and 
T2 values were calculated. A Student t test was used to compare 
T1 and T2 measurements using rosette cMRF, spiral cMRF, and 
conventional T1/T2 mapping sequences. Significant difference 
was considered with P < .05.

3 |  RESULTS

3.1 | Simulation data

The spectral responses of the 2 trajectories used in this study, 
namely rosette A and rosette B, obtained from simulation 
studies are shown in Figure 1C. The residual signal intensity 
as compared to the on-resonance signal intensity in the nu-
merical phantom is 4.9% at −440 Hz for rosette A and 13.5% 
at −220 Hz for rosette B.

3.2 | Phantom data

Figure 3 shows images at various steps in the rosette-based 
B0 map calculation; the maps generated using the rosette 
data and GRE acquisition are shown in Figure 3H,I, respec-
tively. The residual difference map between these B0 maps 
is shown in Figure 3J. The average B0 difference in all vials 
between the rosette composite B0 map and GRE B0 map was 
9.8 Hz, and the maximum and minimum differences were 23 
and −14 Hz. Figure 3K shows the scatter plot of rosette B0 
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values of 454 pixels in the phantom compared to those result-
ing from the GRE B0 map. The slope of best-fit line was 0.94 
with 10 Hz difference between the 2 B0 maps.

Quantitative results of the T1 and T2 measurements in the 
International Society for Magnetic Resonance in Medicine/
National Institute of Standards and Technology system phan-
tom are shown in Figure 4. T1 and T2 measurements using 
rosette cMRF were in excellent agreement with the reference 
values for both rosette A at 3T (slope of best-fit line 0.97/0.96 
for T1/T2; R

2 > 0.99) and rosette B at 1.5T (slope of best-fit 
line 0.98/0.99 for T1/T2; R

2 > 0.99). At 3T, T1, and T2 mea-
surements before B0 correction, and after B0 correction using 
either the rosette B0 map or the GRE B0 map, all agree well 
with reference values. No significant difference was observed 
between the B0 correction results using rosette B0 map and 
GRE B0 map (P = .07 for T1; P = .28 for T2), with an average 
of 11.7Hz difference in the B0 maps (Supporting Information 
Figure S1).

Figure 5 shows T1 maps, T2 maps, and water and oil pro-
ton density images in the water/oil phantom. As can be seen 
in the water images (third column), rosette images at both 
1.5 and 3T showed excellent fat suppression at the resonance 
frequency of water and vice versa. In the proton density im-
ages with signal intensities normalized to the range of [0 1], 
residual oil signals in the water image were 0.05 and 0.04 at 
3T and 1.5T, respectively; residual water signals in the oil 
image were 0.04 and 0.09 at 3T and 1.5T, respectively. In 
contrast, the residual oil signal in the water image acquired 
by spiral cMRF with fat saturation were 0.26 and 0.4 at 3T 
and 1.5T, respectively. The oil signal in the water image ac-
quired by spiral cMRF without fat saturation were 0.69 and 
0.8 at 3T and 1.5T, respectively. In addition to suppressing 
fat signal effectively, the rosette images also reduce the blur-
ring artifacts seen around the fat vial in the spiral images due 
to the phase accumulation along the spiral readout. Finally, 
the T1 and T2 values of water at both 1.5T and 3T were 

F I G U R E  4  Results in the ISMRM/NIST MRI system phantom. The mean and SD of the T1 and T2 measurements using rosette cMRF were 
compared with reference values at 3T (A) and 1.5T (B). The maximum SD of T1 and T2 measurements at 3T were 35 and 4.4 ms, and at 1.5T were 
48 and 7.2 ms, respectively. For T1 over all vials, the SD was less than 7% of the mean value at both 3T and 1.5T. For T2 over all vials within the 
physiological range, the SD was less than 5% of the mean value at both 3T and 1.5T. ISMRM/NIST, International Society for Magnetic Resonance 
in Medicine/The National Institute of Standards and Technology
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similar between rosette and spiral acquisitions (Supporting 
Information Table S1). Note that the values for T1 and T2 in 
the oil areas are inaccurate in all of these approaches because 
they are meant to be water maps; any values in the oil vials 
can be disregarded.

3.3 | Healthy subjects

Figure 6 shows representative myocardial T1 and T2 maps, 
water images, and fat images of a midventricular slice in 
the heart acquired using rosette cMRF before and after B0 

correction compared with those acquired using spiral cMRF 
with fat saturation and conventional methods at 3T. The B0 
map derived from the rosette cMRF dataset is also shown. 
Note that signal loss in anterior myocardial wall in the water 
image that was generated without B0 correction was recov-
ered after B0 correction (see arrow). In contrast, spiral im-
ages without B0 correction exhibit blurring in the same area 
(Supporting Information Figure S2 shows zoomed images 
around the heart). Representative maps and fat/water im-
ages collected in a midventricular slice at 1.5T are shown 
in Figure 7, and the corresponding zoomed maps and im-
ages around the heart are shown in Supporting Information 

F I G U R E  5  Results in the water/oil phantom. Water T1 maps, T2 maps, and proton density images generated by spiral cMRF without and with 
fat saturation; and water T1 maps, T2 maps, and water and fat proton density images generated using rosette cMRF at 3T (top three rows) and 1.5T 
(bottom three rows) are shown. A cropped FOV of 100 × 100 mm2 is displayed. Signal intensities of the water and oil compartment are labeled in 
the proton density images. All spiral maps and images are without B0 correction, and all rosette maps and images are with B0 correction using the 
rosette-derived B0 map
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F I G U R E  6  Results in a healthy subject at 3T. Representative T1 and T2 maps and water and fat images of a midventricular slice in the heart 
acquired using rosette cMRF, spiral cMRF with fat saturation, and conventional methods are shown. The B0 map derived from rosette cMRF 
dataset and the results before and after B0 correction are also shown for comparison. Signal loss in the anterior myocardial wall observed in the 
water image was recovered after B0 correction as pointed by the arrow. Epicardial fat and subcutaneous fat was clearly visualized in the fat image 
and suppressed in all of the water maps and images. Zoomed images around the heart are available in Supporting Information Figure S2

F I G U R E  7  Results in a healthy subject at 1.5T. Representative T1 and T2 maps and water and fat images of a midventricular slice in the 
heart acquired using rosette cMRF, spiral cMRF with fat saturation, and conventional methods are shown. The B0 map derived from rosette cMRF 
dataset and the results before and after B0 correction are also shown for comparison. Epicardial fat and subcutaneous fat was clearly visualized 
in the fat image, and suppressed in all of the water maps and images. Residual water signals in the myocardium and blood pool in the fat image 
(indicated by the arrow) was further reduced by B0 correction from 0.11 to 0.04. Zoomed images around the heart are available in Supporting 
Information Figure S3
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Figure S3. Similar to the results at 3T, both epicardial fat 
and subcutaneous fat were clearly visualized in the fat image 
and suppressed in the water images. Residual water signals 
in the myocardium and blood pool in the fat proton density 
image were further reduced after B0 correction from 0.11  
to 0.04 (better visualization in Supporting Information 
Figure S3).

The averaged and individual myocardial T1 and T2 val-
ues measured by rosette cMRF after B0 correction, spiral 
cMRF, and conventional mapping methods are shown in  
Figures 8 and 9, respectively. At 3T, rosette cMRF yielded 
comparable myocardial T1 compared with spiral cMRF (spi-
ral T1 1341.7 ± 41.6 ms vs. rosette T1 1329.4 ± 35 ms) but 
significantly higher T2 values (spiral T2 30.9  ±  2.3  ms vs. 
rosette T2 33.3 ± 1.5 ms, P <  .01). Both spiral and rosette 
cMRF measurements were 125~135 ms higher than the con-
ventional MOLLI T1 values (1204.5 ± 30.5 ms, P < .01) and 
5~7 ms lower than the T2 values measured by T2-prepared 
FLASH (38.5  ±  1.4  ms, P  <  .01). At 1.5T, rosette cMRF 
and spiral cMRF had comparable T1 measurements (spiral 
T1 1030.8  ±  39.2  ms vs. rosette T1 1044  ±  29.7  ms), but 
the rosette trajectory yielded significantly higher T2 values 
(spiral T2 35.4 ± 1.2 ms vs. rosette T2 39 ± 0.8 ms, P < .01). 
Compared with MOLLI, rosette cMRF gave rise to sig-
nificantly higher T1 values (MOLLI T1 995.7.2 ± 18.1 ms, 
P  <  .05). Spiral cMRF also had higher T1 values than 
MOLLI, but the difference was not statistically significant 
(P = .1). Both rosette and spiral cMRF yielded significantly 
lower T2 values than the conventional T2 mapping method 
(T2-prepared balanced SSFP T2 46.6 ± 1.1 ms, P < .01).

4 |  DISCUSSION

This study demonstrates that water–fat separation can 
be achieved along with T1 and T2 mapping of the water 

compartment in the heart in a single scan using rosette 
cMRF. Off-resonance artifacts due to fat signals are sig-
nificantly reduced in the water T1 and T2 maps and images 
as shown in the water/oil phantom, and a fat image can be 
obtained from the same scan with no penalty in acquisition 
time. The intrinsic property of rosette trajectories that they 
cross the k-space center multiple times in 1 readout also en-
ables B0 mapping using the rosette cMRF data themselves; 
thus, B0 inhomogeneity correction can be performed with 
no need for an extra scan. Moreover, rosette cMRF closely 
resembles the original 2D spiral cMRF sequence structure, 
where only the k-space sampling trajectory has been al-
tered. This minor change in readout trajectory can be easily 
adopted by other cMRF approaches, such as simultaneous 
multislice cMRF,59 3D cMRF,63 cineMRF,64 and motion-
resolved cMRF,65 easily adding water–fat separation capa-
bilities to their tool kits.

4.1 | Rosette trajectory

The rosette trajectories used in this work are only 2 examples 
of possible trajectories that could be designed for water–fat 
separation. Although not optimized for B0 mapping or com-
plete suppression of fat (or water) signals, these rosette trajec-
tories are a proof of principle that this approach can be used 
for water–fat separation along with relaxation time quantifi-
cation in the MRF framework. These 2 trajectories provided 
robust fat suppression and accurate water T1 and T2 measure-
ments across our datasets; however, they have not been spe-
cifically optimized in terms of sampling efficiency, and they 
are likely not the only ones that can achieve effective water–
fat separation. Because there are multiple “null bands” in the 
spectral response curve, placing any “null band” around the 
fat frequency would enable effective water–fat separation, 
resulting in flexible trajectory design to accommodate either 

F I G U R E  8  Averaged T1 and T2 measurements over the entire myocardial wall among 11 healthy subjects at 3T and 5 healthy subjects at 1.5T. 
Statistical significance was considered with P < .05
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long or short TR values with tunable FOVs and spatial reso-
lution for MRF sequences and beyond. Moreover, the water–
fat separation property is only determined by the trajectory 
itself, providing flexibility in acquisition parameters such as 
the choice of TE and TR. One challenge when using rosette 
trajectories is achieving satisfactory image quality within 
relatively short scan times due to the oversampling property 
of the trajectory in both the central and peripheral areas of 
k-space compared to spiral trajectories. MRF is known to be 
able to tolerate high acceleration factors in each time frame 
by rejecting noise-like artifacts in the pattern-matching step. 
Due to the already long computing time for B0 correction, the 
current study only used direct pattern matching to generate 
tissue property maps and images. A variety of studies have 
shown that advanced reconstruction approaches such as mul-
tiscale66 and low rank reconstruction59,67-69 can significantly 
improve the image quality of MRF data. The quality of the 
maps generated with rosette cMRF may also be further im-
proved by incorporating these techniques.

4.2 | T1 and T2 measurements of the water 
compartment

A previous study has reported that including confounding fac-
tors correction (ie, slice profile and preparation pulse efficiency) 
in the dictionary leads to an increase in T1 and a decrease in 

T2 measurements.55 In the current study, myocardial T1 and T2 
measurements at 3T using spiral and rosette cMRF are com-
parable with those previously reported spiral cMRF measure-
ments with confounding factors correction.55 The trend that 
cMRF yields higher T1 values than MOLLI and lower T2 val-
ues than conventional T2 mapping methods is also consistent 
with previous findings.55,59 T1 and T2 measurements using ro-
sette cMRF and spiral cMRF are expected to be comparable 
in healthy subjects whose myocardial fat is minimal, because 
the general sequence structure, including flip angle patterns and 
magnetization preparation pulse scheme, remains the same for 
both sequences, except for the fat suppression property of rosette 
cMRF. However, spiral and rosette trajectories react differently 
to some physiological confounding factors such as flow, and 
it may result in the slight difference in relaxation time quanti-
fication observed in this study (10~15 ms difference in T1 and 
2~3 ms difference in T2). However, except for T2, these differ-
ences were not statistically significant. Moreover, inaccurate T1 
quantification due to fat signal contamination has been reported 
in the myocardium for different sequences such as MOLLI and 
saturation recovery singleshot acquisition.70 Compared with 
spiral cMRF, which employs a fat saturation module before 
acquisition, rosette cMRF achieves more effective fat suppres-
sion, as shown in the phantom experiments (Figure 5), and 
eliminates the need for the fat saturation module, making the 
sequence design more flexible. It is particularly useful when 
continuous acquisition is desired for the applications such as 

F I G U R E  9  Individual T1 and T2 measurements over the entire myocardial wall among 11 healthy subjects at 3T and 5 healthy subjects at 1.5T
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free-running cMRF.64 The ~250 ms acquisition window is rela-
tively long and may result in motion artifacts due to cardiac mo-
tion. Reducing the acquisition window is an active research area 
in cMRF,71 and the rosette approach could potentially benefit 
from the application of advanced reconstruction schemes, such 
as low rank model-based approaches.59,67-69

4.3 | Water–fat separation

In addition to T1 and T2 quantification, a fat image can be 
generated from the same dataset, showing clear epicardial 
fat deposition (Figures 6 and 7). The availability of fat im-
ages may provide valuable diagnostic information in cardiac 
diseases such as myocardial fatty infiltration and lipomas6; 
thus, rosette cMRF may prove clinically useful for the visu-
alization of epicardial/myocardial fat deposition. Moreover, 
intrinsically coregistered T1 and T2 maps, along with the fat 
image generated from the same dataset, enable a comprehen-
sive evaluation of the myocardial tissue for disease diagnosis.

4.4 | B0 correction

Inhomogeneous B0 field could be problematic for rosette cMRF 
because the separation of water and fat using rosette trajecto-
ries is based on the distinct resonance frequencies of the 2 spe-
cies. One important feature of the proposed approach is that a 
B0 map is generated from the rosette cMRF data themselves by 
taking advantage of the multiple zero-crossings of the rosette 
trajectory. Therefore, B0 correction can be performed without 
the need for an external B0 mapping scan. Improvements in 
water–fat separation in vivo by performing B0 correction are 
shown in Figures 6 and 7. Note that a few voxels in the chest 
wall (Figure 6) exhibited signal loss after B0 correction in this 
case because shimming was performed only in the heart re-
gion, and B0 inhomogeneity in the chest wall area exceeded the 
bandwidth of the B0 map. Note that the choice of demodulating 
frequency for fat ffat (either the theoretical frequency or the true 
frequency, which depends on the true field strength of the scan-
ner) would not affect the B0 correction results for fat-dominant 
pixels using the proposed method. For these pixels, the sum of 
B0 and ffat was used to generate the final B0-corrected fat im-
ages. Because the B0 values are obtained from demodulated fat 
images, changes in ffat will lead to compensated changes in the 
resulting B0 map, thereby producing the same results.

4.5 | Comparison with other water–fat 
MRF approaches

Some pioneer studies have explored extending the MRF 
framework for fat saturation and/or measurement and applied 

these techniques in skeletal muscle, liver, brain, breast, and 
heart.33-38 Fat fraction quantification/water–fat separation 
was achieved along with T1,

33,37 or both T1 and T2 map-
ping34-36,38 using variable TE33,36 or multiecho acquisi-
tion34,35,37,38 within the MRF framework. However, due to 
the motion of the heart, cMRF data can only be collected 
in a limited diastolic acquisition window in each heartbeat 
(~250  ms in this work). Moreover, data collection are re-
stricted to the duration of a breath-hold to avoid respiratory 
motion. Therefore, the MRF methods developed for static or-
gans would require a significantly longer acquisition time if 
directly applied to the heart; thus, different approaches must 
be used for cardiac applications.

Some of these MRF-based fat suppression and quantita-
tive approaches33,34,37 incorporate not only B0 generation/
correction but also include B+

1
 correction. Because cMRF 

requires calculation of a new dictionary for each scan due to 
heart rate variations, the current study does not take B+

1
 cor-

rection into account to avoid long computing time and large 
storage memory by employing relatively low flip angles that 
have been shown to reduce sensitivity to B+

1
 inhomogeneity.55 

However, B+
1
 can be easily added to the dictionary for correc-

tion if needed.55

The rosette trajectory can be viewed essentially as a mul-
tiecho acquisition. Other multiecho approaches34,37,38 acquire 
only 1 echo in each TR to achieve a short ∆TE for optimized 
phase difference between water and fat and relatively long 
readout such as spiral for efficient k-space coverage. In these 
approaches, the acquisition time increases proportionally with 
the number of echoes collected. Although multiple echoes can 
be collected in 1 TR,35 only radial or Cartesian data collection 
are rapid enough to accommodate these echoes along with 
the desired short ∆TE. In contrast, the rosette trajectory can 
be designed to accommodate multiple echoes (either 1 single 
petal or multiple petals can be regarded as 1 echo) in 1 TR. 
Moreover, by tuning the shape and sampling density of the 
petals, the rosette trajectory offers the flexible choice of ef-
fective TEs as well as k-space sampling density for each echo.

A water–fat Dixon cMRF approach has also been reported 
for simultaneous quantification of T1, T2, proton density, and 
fat fraction in the heart at 1.5T.35 Dixon cMRF and rosette 
cMRF employ similar sequence structures and magnetization 
preparation schemes (fast imaging with steady state precession- 
based, 5-segment, 15-heartbeat). These 2 approaches also 
yielded comparable myocardial T1 and T2 values in healthy 
subjects at 1.5T (Dixon cMRF T1/T2 1032/42 ms vs. rosette 
cMRF T1/T2 1044/39  ms). Moreover, both methods found 
T1 measurements higher than MOLLI and T2 measurements 
lower than conventional T2 mapping sequences, which is 
consistent with previous cMRF reports.55,72 Proton density 
fat fraction quantification was also shown to be possible 
using the Dixon cMRF, possibly due to the use of a 6-peak 
fat model in the water–fat separation step.
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4.6 | Limitations and future directions

Although the current study is focused on water–fat separa-
tion, fat quantification would be an appealing future direc-
tion. Fat T1 and T2 measurements (especially T2 at 3T) and 
further proton density fat fraction quantification were found 
to be inaccurate using the proposed approach. As shown 
in Supporting Information Figure S4, T2 values in the oil 
compartment were comparable with literature values at 
1.5T56,57 but underestimated at 3T. Proton density fat frac-
tion in water/oil emulsion phantoms constructed according 
to the method described in Hines et al73 were overestimated 
for low proton density fat fraction values (Supporting 
Information Figures S5 and S6). One possible explanation 
for this effect is that off-resonance fat protons may not be 
prepared by the inversion and T2-preparation pulses, as 
modeled in the dictionary, due to limited bandwidth or im-
perfect spectral profile of the adiabatic preparation pulses 
(Supporting Information Figure S7). The inaccuracy is 
more pronounced at 3T because of the larger chemical shift 
difference between water and fat compared with 1.5T. This 
issue could be addressed by optimizing the preparation 
pulses or taking this effect into account in the signal model 
for fat in future studies. Other possible reasons include the 
use of a single peak fat model; a multipeak model has been 
shown to lead to more accurate fat fraction measurements.74 
The single peak model may also limit the accuracy in T1 and 
T2 measurements, as well as B0 mapping, in the water/oil 
phantom given that peanut oil has multiple peaks. However, 
a multipeak fat model can be incorporated in rosette cMRF 
framework in future studies by demodulating the k-space 
data at different fat frequencies.

Another limitation of this work is the assumption that a 
voxel is either water-dominant or fat-dominant. Given that 
unbalanced SSFP (or fast imaging with steady state preces-
sion) framework is relatively insensitive to off-resonance,31 
and off-resonance signals are significantly suppressed by the 
rosette trajectory, all spins are considered on-resonance for 
dictionary generation, including slice profile and preparation 
pulse efficiency corrections. However, in the cases where a 
voxel contains a similar amount of both water and fat such 
as in diabetic patients, this assumption must be further val-
idated, and a more advanced model taking into account of 
both on- and off-resonance spins might be more desirable. 
For the dual echo B0 mapping method proposed in this work, 
it is challenging to separate chemical shift information of 
multiple species from true main field inhomogeneity, even 
though the major source of the chemical shift from fat was 
taken into account. More accurate B0 mapping may be en-
abled using more echoes in future studies.

The current study demonstrates the proposed method in 
the heart of healthy subjects; however, it also has the poten-
tial for imaging other organs such as liver and knee. Further 

modifications to the sequence, such as removing the wait-
ing time between heartbeats and changing the magnetization 
preparation scheme, need to be investigated to adapt it to 
other applications.

5 |  CONCLUSION

The proposed rosette cMRF approach achieves effective 
water–fat separation, as well as water T1 and T2 quantifica-
tion in the heart in a single scan. This approach may facilitate 
cardiac disease diagnosis by providing multiple biomarkers 
(ie, fat deposition, water T1 and T2) and paves the way to-
ward comprehensive myocardial tissue characterization in a 
single scan. The acquisition and reconstruction framework 
may also be easily incorporated into other myocardial map-
ping methods.
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the Supporting Information section.

FIGURE S1 T1 and T2 measurements using rosette cMRF in 
the NIST/ISMRM phantom at 3T. Rosette cMRF measure-
ments before B0 correction, after B0 correction using the ro-
sette-based B0 map, and after correction using the GRE-based 
B0 map all agree well with reference values (R2 > 0.99). The 
differences in B0 values in the vials between rosette and GRE 
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B0 maps range from 5 to 20 Hz, with an average difference of 
11.7 Hz. No significant difference (P = .07 for T1; P = .28 for 
T2) was found between the B0 correction results using rosette 
and GRE B0 maps
FIGURE S2 Zoomed maps and images around the heart in 
a healthy subject at 3T. Without B0 correction, off-resonance 
artifacts in the anterior myocardial wall appear as signal loss 
in rosette images but blurring in spiral images as indicated by 
the arrows. The signal loss in rosette images was recovered 
by B0 correction
FIGURE S3 Zoomed maps and images around the heart 
in a healthy subject at 1.5T. The color scale of the fat im-
ages is set to [0 0.5] instead of [0 1] to enable visualiza-
tion of the improvement in water-fat separation after B0 
correction
FIGURE S4 T1, T2 maps and proton density images of both 
water and oil acquired using rosette cMRF in the water/oil 
phantom at 3T and 1.5T. The water specific maps and images 
are the same as those shown in Figure 5. A cropped FOV of 
100 × 100 mm2 is displayed. At 3T: oil T1 252.09 ± 7.98 ms; T2 
40 ± 0 ms. At 1.5T: oil T1 202.43 ± 4.32 ms; T2 55.51 ± 3.15 ms
FIGURE S5 T1 and T2 maps, and proton density images of 
water and fat in an agar-based water/fat mixture phantom at 
3T and 1.5T. PDFF maps calculated from the water and fat 

proton density images are also shown. Designed PDFF of 
each vial is shown at bottom right
FIGURE S6 PDFF values calculated from water and fat pro-
ton density images in an agar-based water/fat mixture phan-
tom acquired using rosette cMRF compared with ground 
truth at 3T and 1.5T
FIGURE S7 Bloch simulations of the adiabatic inversion 
pulse (A) and the 90° adiabatic excitation pulse in the T2-
preparation module (B). Longitudinal magnetization (Mz) 
after the pulses was evaluated for T1 = 1000 ms, T2 = 100 ms 
over a range of off-resonance frequencies from −500 to 
500 Hz with a step size of 5 Hz
TABLE S1 T1 and T2 values in the water compartment in 
the water/oil phantom at 3T and 1.5T acquired using rosette 
cMRF and spiral cMRF
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