Received: 5 January 2018

Revised: 9 May 2018

Accepted: 14 May 2018

DOI: 10.1002/mrm.27390

NOTE

Magnetic Resonance in Medicine

Imaging sequence for joint myocardial T mapping
and fat/water separation

Maryam Nezafat!-2 |

Shiro Nakamori? | Tamer A. Basha® | Ahmed S. Fahmy? |

Thomas Hauser? | René M. Botnar!+#

! Division of Imaging Sciences and Biomedical Engineering, King’s College London, London, United Kingdom

2Department of Medicine, Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, Massachusetts

3 Biomedical Engineering Department, Cairo University, Giza, Egypt

4Pontificia Universidad Catdlica de Chile, Escuela de Ingenieria, Santiago, Chile

Correspondence

Maryam Nezafat, Division of Imaging
Sciences and Biomedical Engineering,
The Rayne Institute, 4th Floor, Lambeth
Wing, St. Thomas’ Hospital, London,
SE1 7EH, United Kingdom.

Email: maryam.nezafat@kcl.ac.uk

Funding information

The British Heart Foundation (RG/12/1/
29262), the Center of Excellence in
Medical Engineering funded by the
Wellcome Trust and EPSRC (WT
088641/7/09/Z), the EPSRC (EP/
P001009/1 and EP/P007619/1),
FONDECYT No. 1161051 and
CONICYT-ANILLO ACT 1416, and the
Department of Health through the
National Institute for Health Research
comprehensive Biomedical Research
Center award to Guy’s & St. Thomas’
NHS Foundation Trust in partnership
with King’s College London and King’s
College Hospital NHS Foundation Trust
and National Institutes of Health (RO1-
HL12915701)

Purpose: To develop and evaluate an imaging sequence to simultaneously quantify
the epicardial fat volume and myocardial T; relaxation time.

Methods: We introduced a novel simultaneous myocardial T; mapping and fat/water
separation sequence (joint T;-fat/water separation). Dixon reconstruction is performed
on a dual-echo data set to generate water/fat images. T; maps are computed using the
water images, whereas the epicardial fat volume is calculated from the fat images. A
phantom experiment using vials with different T;/T, values and a bottle of oil was
performed. Additional phantom experiment using vials of mixed fat/water was per-
formed to show the potential of this sequence to mitigate the effect of intravoxel fat
on estimated T; maps. In vivo evaluation was performed in 17 subjects. Epicardial
fat volume, native myocardial T; measurements and precision were compared among
slice-interleaved T| mapping, Dixon, and the proposed sequence.

Results: In the first phantom, the proposed sequence separated oil from water vials
and there were no differences in T of the fat-free vials (P = .1). In the second phan-
tom, the T, error decreased from 22%, 36%, 57%, and 73% to 8%, 9%, 16%, and
26%, respectively. In vivo there was no difference between myocardial T; values
(1067 = 17 ms versus 1077 = 24 ms, P = .6). The epicardial fat volume was similar
for both sequences (54.3 = 33 cm? versus 52.4 = 32cm’, P = .8).

Conclusion: The proposed sequence provides simultaneous quantification of native
myocardial T; and epicardial fat volume. This will eliminate the need for an addi-
tional sequence in the cardiac imaging protocol if both measurements are clinically
indicated.

KEYWORDS

cardiac magnetic resonance imaging, Dixon, myocardial tissue characterization, T; mapping

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.

© 2018 The Authors Magnetic Resonance in Medicine published by Wiley Periodicals, Inc. on behalf of International Society for Magnetic Resonance in Medicine

486 wileyonlinelibrary.com/journal/mrm

Magn Reson Med. 2019;81:486-494.


http://orcid.org/0000-0002-2608-9977

NEZAFAT Er AL

1 | INTRODUCTION

The quantification of the longitudinal relaxation time of the
myocardium with MR T; mapping techniques has become
an important and reliable biomarker for a number of cardiac
diseases such as diffuse myocardial fibrosis.' The voxel-
wise measurement of the myocardial T; time can provide
unique tissue characterization that is not feasible with other
imaging modalities. Several relaxometry sequences are
available that can obtain the myocardial T, maps, including
the modified Look-Locker inversion recovery (MOLLI),4’5
shortened modified Look-Locker inversion recovery
(ShMOLLI),® saturation recovery single-shot acquisition,’
saturation pulse-prepared heart-rate-independent inversion
recovelry,8 and slice-interleaved T; (STONE) sequence.9 All
T; relaxation-time mapping techniques consist of (1) manip-
ulating the longitudinal magnetization, (2) sampling the
recovery curve by acquiring multiple images with different
T, weighting, and (3) curve fitting of the theoretical inver-
sion/saturation recovery signal to the measured image inten-
sities. The MOLLI sequence is the most commonly used
technique to quantify the T, of the myocardium.'® One dis-
advantage of the MOLLI technique is the underestimation of
the calculated T, relaxation time.'” The reduced accuracy is
a result of sensitivity to B; inhomogeneity, off-resonance
(By), heart rate, imperfection of the inversion pulse, and use
of an imperfect Look-Locker correction.'''* The STONE T,
mapping sequence was proposed to improve the accuracy of
T; measurements compared with the well-established
MOLLI sequence while maintaining the same precision and
reproducibility. With this technique, multiple images are
acquired after a nonselective adiabatic inversion pulse for all
slices but with different inversion time (time between the end
of inversion pulse and the k-space center of the slice). The
slice order changes after each inversion pulse to acquire
enough sampling points along the longitudinal recovery
curve for each slice. Ty maps can be calculated using a 2-
parameter fit model (assumes perfect inversion pulse effi-
ciency) or 3-parameter fit model (assumes imperfect inver-
sion pulse efficiency). Although differences in myocardial
T, times can be evidence of cardiomyopathies, they also
can be caused by myocardial fat infiltration.'*

In addition to the valuable clinical information provided by
myocardial T; maps, quantification of the epicardial fat vol-
ume can play a significant role in evaluating cardiovascular
risk.' Epicardial fat has been shown to be associated with var-
ious cardiovascular diseases such as atrial fibrillation and coro-
nary atherosclerosis.'®!” Assessment of epicardial fat volume
is usually achieved with Dixon-based sequences, which can
provide water-only and fat-only images simultaneously.'®%°

Adding both T; mapping and fat quantification to a car-
diovascular MRI protocol unnecessarily prolongs overall
scan time. The goal of this study was therefore to develop
and evaluate a novel imaging sequence for joint T; mapping
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and fat/water to allow simultaneous quantification of myo-
cardial fat and T, with no penalty in imaging time. Phantom
and in vivo experiments were performed to compare the
measured T, between the STONE and joint T,-fat/water
separation sequence. In vivo epicardial fat volume were
measured and compared with Dixon and joint T,-fat/water
separation sequence.

2 | METHODS

2.1 | Proposed sequence scheme

2.1.1 | Acquisition

The schematic of the proposed imaging sequence is shown
in Figure 1A, which combines the STONE sequence using a
gradient-echo (GRE) imaging readout with a Dixon water/fat
separation technique. The standard STONE technique is used
to obtain a T; map of 5 slices simultaneously. At each heart-
beat, 2 single-shot images are acquired with different TEs:
the first image with fat and water signal in phase and the sec-
ond one with fat and water signal out of phase. With the pro-
posed sequence, the first in-phase and out-of-phase images
are acquired without the inversion pulse for each slice fol-
lowed by a 3-second pause cycle for magnetization recovery.
Subsequently, in-phase and out-of-phase images are acquired
after applying a nonselective inversion pulse and the inver-
sion time TI; as defined as the time interval between the cen-
ter of the inversion pulse and the center of the k-space. The
inversion pulse and the 5 acquisitions are then repeated 5
times with different slice order and by keeping the distance
between 2 adjacent slices maximal. Subsequently, the same
data acquisition is repeated with an inversion time TI,. The
sequence was performed during free breathing with a pencil
beam navigator positioned on the right hemidiaphragm,
allowing for prospective respiratory motion tracking. To
reduce in-plane motion between the T;-weighted images of
each slice, a nonrigid image registration was applied.' >

2.1.2 | Reconstruction

To calculate water and fat images, mDixon fat/water separation
reconstruction was performed using the scanner’s inline proc-
essing software.'® The proposed sequence yields 44 images for
each slice corresponding to inversion times of oo, TI, TI+ 1RR,
TI+2RR, TI+3RR, and TI+4RR (RR being the duration of 1
heart cycle), which results in 220 reconstructed images in total.
A 2-parameter exponential fitting model was used offline using
in-house software written in MATLAB (The MathWorks Inc.,
Natick, MA) to calculate the T; map from 55 water-only

images, S=M, (1 —2€T;1[) , in which M, is the full longitudinal

magnetization, 7 is the inversion time, and T} is the longitudinal
relaxation time (Figure 1B).
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FIGURE 1 A, Pulse sequence diagram of the proposed joint T -fat/water separation sequence. For each heartbeat, 2 images were acquired (in phase

and out of phase). For the first 5 heartbeats, images are acquired without inversion pulse. After a 3-second rest period, a 180 ° inversion pulse was applied

and data acquired in the subsequent 5 heartbeats with the first inversion time (TI;). This is then repeated 5 times with different slice orders. The same

sequence block is repeated 1 more time with second inversion time (TL,). In total, the sequence results in 220 images. B, Postprocessing steps for the joint

T;-fat/water separation sequence for T; mapping and fat quantification. IP, in phase; OP, out of phase

2.2 |

Two phantom experiments were performed to test and validate
the proposed method. All scans were performed on a 1.5T
scanner (Philips Achieva, Best, the Netherlands) equipped
with a 32-element cardiac coil to evaluate the proposed
sequence.

Phantom

2.2.1 | Experiment I

The purpose of the first phantom experiment was to assess the
proposed sequence performance in terms of correctly estimat-
ing the T, values and separating the fat from the water signals.
A phantom containing fat-free vials with NICl,-doped agarose
gel and T, values between 300 and 1450 ms and T, values
between 50 and 200 ms was used. A bottle of oil was placed
adjacent to the agarose phantom to represent fatty tissues.
Image acquisition parameters were as follows: TR/TE = 7.1/
4.6 ms for the STONE sequence, TR/TE1/TE2 =7.9/2.3/5.4
ms for the joint T;-fat/water separation sequence, TI= oo,
109, 1109, 2109, 3109, 4109, 350, 1350, 2350, 3350, and
4350 ms, flip angle = 10°, in-plane resolution = 2 X 2 mm?,
slice thickness = 8 mm, FOV = 180 X 180 mmz, SENSE
factor = 2, partial Fourier factor= 0.75, turbo-field-echo
factor = 56, and 10 linear ramp-up pulses. The electrocardio-
gram signal was simulated for 60 bpm.

As a reference, an inversion-recovery spin-echo sequence
was used. Sixteen images were acquired with different TIs
(50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000,

1250, 1500, 1750, 2000, and 3000 ms). The imaging param-
eters were as follows: TR =10 seconds, TE=10 ms,
FOV =200 X 220mm?, ~ flip  angle =90°
size = 1.2 X 1.2 mm? and slice thickness = 8 mm.

voxel

2.2.2 | Experiment IT

A second phantom experiment was performed using the same
parameters to demonstrate the feasibility of the proposed
sequence to estimate T; in voxels containing both water and
fat. To investigate the effect of the number of echoes of the
T,-fat/water separation technique, the same phantom was
scanned with 3 echoes. A dedicated phantom was designed
for this experiment. The phantom consisted of 4 vials with dif-
ferent concentrations of mayonnaise (i.e., fat) mixed with gad-
olinium (Gd)-doped water (10, 20, 30, and 40mL of
mayonnaise added to 40, 30, 20, and 10 mL of the water-Gd
mixture). The 4 vials were then immersed in the Gd-doped
water container. The mayonnaise consisted of egg yolks, oil,
and vinegar (10 g of fat and 1.5 g of saturated fat per serving).

2.3 | Invivo

Experiments were HIPPAA compliant and approved by our
Institutional Review Board. Informed consent was obtained
from all individual participants.

To evaluate the proposed sequence, we prospectively
recruited 8 healthy adult subjects (24 = 5 years, 3 males) and
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9 patients (60 = 9 years, 8 males). Patients had known atrial
fibrillation (5 patients), nonischemic cardiomyopathy (3
patients), and left ventricular hypertrophy (1 patient). Each
subject was scanned using 3 different sequences: (1) STONE
T, mapping, (2) joint T,-fat/water separation sequence, and
(3) Dixon alone. Imaging parameters were as follows: TR/
TE = 7.1/4.6 ms for STONE, TR/TE1/TE2 = 7.5/2.2/5.2 ms
for joint T,-fat/water separation sequence, TI= oo, 109,
1109, 2109, 3109, 4109, 350, 1350, 2350, 3350, and 4350
ms, flip angle = 10°, in-plane resolution = 2 X 2mm2, slice
thickness = 8 mm, FOV = 300 X 300 mmz, SENSE factor =
2, partial Fourier factor = 0.75, turbo-field-echo factor = 56,
and 10 linear ramp-up pulses. The average heart rate was
65 = 7 bpm. Images were acquired during free breathing and
the nominal scan time was 1 minute 35 seconds for a heart
rate of 60 bpm. The fat volume measured from 5 slices corre-
sponding to STONE T; map locations were used as the
“true” fat volume. The imaging parameters for the Dixon
sequence were as follows: TR =4.9 ms, TEI/TE2 = 1.52/
3.3ms, FOV = 300 X 300 mm?>, flip angle = 15°, voxel size =
2 X 2mm?, and slice thickness =8 mm. An inline mDixon
water/fat separation reconstruction was used to provide water
and fat images.

2.4 | Ex vivo human heart

To further evaluate the performance of our sequence, an ex
vivo human heart scan was performed with STONE, joint
T,-fat/water separation sequence, Dixon, and inversion-
recovery spin-echo sequence. We explanted a human heart
from a 66-year-old male patient who died due to complica-
tions from cardiovascular disease. The patient had a mixed
cardiomyopathy disease with prior myocardial infarction and
significant fatty infiltration of the left and right ventricular
myocardium and septum, predominantly subepicardial.
Microscopic evaluation performed in a limited autopsy
showed subepicardial and midmyocardial replacement fibro-
sis with associated fatty infiltration. The imaging parameters
were the same as for the phantom scans with STONE, joint
T;-fat/water separation, Dixon, and the spin-echo sequences.

2.5 | Analysis

Images were transferred to a separate workstation for analy-
sis. For the phantom data, a region of interest was manually
drawn on each vial in both STONE and joint T,-fat/water
separation T; maps and the reported T, value was the mean
T; of the respective region of interest in each vial. For the in
vivo experiments, the myocardium was divided into 16 seg-
ments according to the American Heart Association myocar-
dial segment model.®> Epicardial and endocardial contours
were defined manually for each T; map in all 5 slices. To
measure the fat area, the region of interest was drawn man-
ually to contour the epicardial border using OsiriX software
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version 7.5.1 in all 5 slices of the fat-only images. Precision
of native T; mapping was evaluated using a myocardial
segment-based analysis and a subject-based analysis. The
precision was defined as the average of the SD of the T val-
ues, and the coefficient of variation represents the ratio of the
SD to the mean. The fat volume was calculated by
(Z fat,e,) X slice thickness.

Variables are expressed as mean = SD and compared
using an unpaired Student’s t-test or Mann-Whitney nonpara-
metric test if not normally distributed. A P value of less than
.05 was considered statistically significant. The intraclass
correlation coefficient was assessed for both T; measure-
ments and fat volume. The Pearson correlation coefficient
was used to examine the relationship between the STONE
and T,-fat/water separation technique. All analyses were per-
formed using the SPSS (version 19.0, International Business
Machines Inc, Chicago, IL).

3 | RESULTS

3.1 | Phantom study

T, maps of the phantom and oil vials that were acquired with
the STONE and the joint T,-fat/water separation sequence
are shown in Figure 2. The T; maps were generated using
the 2-parameter fit model applied to the STONE and water-
only images. The bar graph (Figure 3C) shows the measured
T, times for each vial. There was no difference between the
T, values measured with the STONE and the joint T;-fat/
water separation sequences (P =.1).

T, maps of the vials with different concentration of fat
are shown in Figure 3. The calculated T, by the STONE
sequence (1024 ms, 829 ms, 557 ms, and 355 ms) and by the
joint T)-fat/water separation sequence with 2 echoes (1206
ms, 1197 ms, 1101 ms, and 966 ms) and 3 echoes (1176 ms,
1197 ms, 1078 ms, and 1020 ms) for water doped with Gd
and 10 mL, 20 mL, 30 mL, and 40 mL of mayonnaise, respec-
tively. differed significantly. By increasing the concentration
of the mayonnaise, the T; values with the STONE sequence
decreased (P = .12). The percent difference of the measured
T, between the reference (water doped with Gd [0% mayon-
naise]) and 20%, 30%, 50%, and 80% mayonnaise water/Gd
mixture by STONE was 22%, 36%, 57% and 73%, whereas
the difference was significantly lower with the joint T -fat/
water separation sequence with 2 echoes (8%, 9%, 16%, and
26%) and 3 echoes (11%, 9%, 18%, and 23%). There was no
statistically significant difference between T; measured with
2 echoes and 3 echoes (P =.9). Therefore, only 2 echoes
were used for all experiments in this study.

3.2 | Invivo

Representative in vivo T; maps with STONE and joint T;-
fat/water separation sequences in a healthy subject and a
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FIGURE 2 Phantom images acquired with the slice-interleaved T; (STONE) (A) and joint T -fat/water separation (B) techniques of vials with different
T, and T, values and a bottle of canola oil (14 g of fat in 1 teaspoon) (top). C, Measured T, values of the different vials acquired with the 2 sequences and refer-

ence inversion-recovery spin-echo sequence. The x-axis indicates T, values measured with a reference multi-echo spin-echo-based sequence for each vial

patient are shown in Figure 4 and Supporting Information
Figure S1, respectively. The T; maps with the proposed
sequence visually appear homogeneous across all slices with
no visible artefacts. In the 17 subjects examined, the average
T, value measured with STONE was 1067 = 18 ms and
1077 = 24 ms (P = .6) with the joint T,-fat/water separation
sequence. There is a trend of higher precision with the joint
T,-fat/water separation sequence compared with STONE in a
subject-based analysis (STONE: 71 = 10 ms, T,-fat/water
separation: 65 * 10 ms, P=.06) and significantly higher
precision in a segment-based analysis (STONE: 64 = 20 ms,
T,-fat/water separation: 55 = 15 ms, P <.01), due to the
higher SNR of the joint T -fat/water separation sequence.
The coefficient of variation was 2.9% and 2.4% in subject-
based analysis, and 2.1% and 2.0% in segment-based analysis
for STONE and T;-fat/water separation, respectively. There
was no significant difference in the epicardial fat volume

between the joint T,-fat/water separation and the conven-
tional Dixon sequence (54.3 + 33 cm® versus 52.4 + 32 cm’,
P =.8). The intraclass correlation coefficients of subject-
based T; measurements and epicardial fat volume were 0.92
(95% confidence interval [CI]: 0.8-0.97) and 0.99 (95%
CIL: 0.92-0.99). There were excellent correlations for the
measured T; values (r=0.99, P<.001) and fat volume
(r=0.92, P<.001) between the STONE and T,-fat/water
separation technique.

The acquisition time was 1 minute 35 seconds for both
STONE and joint T -fat/water sequences and 35 seconds for
the Dixon-only method for a heart rate of 60 bpm.

There was no significant difference in native myocardial
T, in healthy subjects and patients between the 2 sequences.
The average T, value was 1069 * 18 ms and 1076 = 26 ms
(P =.5) in healthy subjects and 1071 = 17 ms and 1075 * 23
ms (P=.9) in patients measured with STONE and T,-fat/
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FIGURE 3 Phantom images acquired with the STONE and joint T -fat/water separation sequences (2 echoes and 3 echoes) demonstrate the
feasibility of accurate T; mapping with the proposed joint T -fat/water separation even in a voxel with a mixture of water and fat. The phantom consists of

vials that contain a mixture of mayonnaise (fat) and gadolinium (Gd)-doped water. The mayonnaise-to-water proportion in each vial was varied to imitate
different ratios of fat infiltration. This was done by maintaining the amount of Gd-doped water (50 mL) and by adding different amounts of mayonnaise
(10mL, 20 mL, 30 mL, and 40 mL). The calculated T, values with STONE decreased with an increasing amount of mayonnaise (1024 ms, 829 ms, 557
ms, and 355 ms) but did not change with the joint T-fat/water separation sequence with 2 echoes (1206 ms, 1197 ms, 1101 ms, and 966 ms) and 3 echoes

(1176 ms, 1197 ms, 1078 ms, and 1020 ms)

water separation sequences. However, there was a difference
with regard to precision in both patients and healthy subjects
between STONE and T,-fat/water separation sequences. The
average segment-based precision was 61 = 16 ms and 53 *+
14 ms (P = .07) in healthy subjects and 67 = 23 ms and 57 =
16 ms (P < .001) in patients measured with STONE and T;-
fat/water separation sequences. The average subject-based
precision was 66 9 and 59 =6 ms (P=.04) in healthy

subjects and 73 = 8 ms and 67 = 12 ms (P =.5) in patients
measured with STONE and T)-fat/water separation sequences.
The intraclass correlation coefficients of subject-based T,
measurements for patients and healthy subjects were 0.92
(95% CI: 0.65-0.98) and 0.93 (95% CI: 0.73-0.98), respec-
tively. The intraclass correlation coefficients of epicardial fat
volume for patients and healthy subjects were 0.96 (95% CL:
0.83-0.99) and 0.98 (95% CI: 0.94-0.99), respectively.

Healthy Subject

STONE

T1-Fat/water
) T1 map

fat image

Dixon
fat image

Slice 3

Slice 4

FIGURE 4 Representative T; maps and fat images of a healthy subject acquired with the STONE (top row), T;-fat/water (middle 2 rows), and Dixon

(bottom row) sequences
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Ex-vivo Human Heart
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FIGURE 5 T, maps and fat images of an ex vivo human heart with the STONE (first column), T;-fat/water (middle 2 columns), and Dixon (last col-
umn) sequences. The measured T, values in the ex vivo human heart were 731 = 150 ms with STONE, 800 * 44 ms with T-fat/water separation, and
918 = 49 ms with the inversion-recovery spin-echo sequence. The epicardial fat volumes were 110 em?® with Dixon and 106 cm® with joint T -fat/water

separation sequence. The left ventricular endocardial (red line) and epicardial (blue) were manually drawn on T; maps, carefully excluding the areas

affected by image artifacts. White arrows indicate areas of the subepicardial fat

33 |

Figure 5 shows example slices from the ex vivo human heart.
The left ventricular endocardial and epicardial borders were
drawn manually on myocardial slices of the T; maps by care-
fully excluding areas affected by image artifact. Subsequently,
these regions of interest were copied to corresponding images.
The measured T; values in the ex vivo human heart were
731 = 150 ms, 800 = 44 ms, and 918 = 49 ms for the STONE,
T,-fat/water separation, and inversion-recovery spin-echo
sequences, respectively. The percent difference of the measured
T, between the spin echo and T,-fat/water separation (12%)
was lower than that of the STONE (20%) sequence. With the
proposed sequence the measured T is closer to the spin-echo
value. Because of significant fatty infiltration of the left ventri-
cle myocardium, we were not able to identify areas in the myo-
cardium where “true” T, of the myocardium can be measured,
which may explain shorter native myocardial Ty at 1.5T. The
epicardial fat volumes were 110cm® and 106cm® with the
Dixon and joint T-fat/water separation sequences, respectively.

Ex vivo human heart

4 | DISCUSSION

In this study, a joint T,-fat/water separation sequence was
developed, which separates the water and fat images and

calculates T| maps based only on the water content of the tis-
sues. The joint T -fat/water separation sequence was applied
successfully to phantom, healthy subjects and patients, and
provided visually homogeneous T; maps. In addition, fat
volume quantified in vivo with the joint T -fat/water separa-
tion sequence provided similar values as with the conven-
tional Dixon fat/water separation technique.

The main benefits of the proposed sequence are (1) short-
ening the scan time by combining T; mapping and fat quan-
tification with the joint T;-fat/water separation sequence, (2)
higher precision compared with the conventional T; mapping
sequence, and (3) fat images and T; maps are spatially
matched as reconstructed from the same data set. Therefore,
direct comparison of the calculated T; maps and fat images
is facilitated without the need for further image registration.

In this study, 2 echoes were used. Increasing the number
of echoes for the Dixon reconstruction can improve the By
inhomogeneity correction and generate true fat and water
separation, which is important especially for quantification
of fat fraction. However, 3-point Dixon methods would have
restricted the ability to optimize spatial resolution and are
more susceptible to inconsistencies in the phase error and
most importantly increase the total scan time.'” Because the
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fat image in this study was used to calculate fat volume only,
not fat fraction, the 2-point Dixon acquisition used here was
deemed sufficient.

Because fat has a short T; value, it can influence the
measured myocardial T; values and consequently lead to
lower or higher T, relaxation times depending on the T; map-
ping sequence.”* Intramyocardial fat is correlated with vari-
ous cardiomyopathies but is also present to some degree in
healthy subjects.”>® Intramyocardial fat has been observed
primarily in patients with myocardial infarction,?”®
lipoma,” dilated cardiomyopathy,®® and arrhythmogenic
right ventricular dysplasia.”’** In normal myocardium, it has
frequently been seen in the right ventricle (16%-43%) >>**
and can increase with age. Small quantities of fat have been
observed in the left ventricle.

To demonstrate that the proposed sequence can accurately
quantify T; in a voxel with different percentage of fat and
water, a mayonnaise phantom experiment was performed.
With the joint T;-fat/water separation sequence, the measured
T, was slightly lower in the vials with increasing percentage
of mayonnaise compared with that measured with the Gd-
doped water. This observation may be explained by the fact
that mayonnaise is not 100% fat; it is a stable emulsion of oil,
egg yolk, vinegar, and various spices and thus may change
the T, of water. As the percentage of egg yolk with vinegar
may have slightly changed by changing the fat content, this
by itself may have led to different T, relaxation times.

Balanced SSFP is often used in T; mapping sequences such
as MOLLL* However, we combined the STONE T, mapping
sequence with GRE readout because the Dixon water/fat separa-
tion is typically performed with a multi-echo GRE imaging.
Despite lower SNR of the GRE imaging readout compared with
SSFP, STONE with GRE provides similar T; values, precision,
and reproducibility compared with SSFP at 1.5 T.%

This study has several limitations. We did not investigate
the performance of the proposed sequence for postcontrast
T; mapping. Furthermore, to compare the accuracy of fat
quantification, the manual tracing of epicardial fat was per-
formed, which can be challenging due to poor visualization
of the pericardium. Magnetic resonance spectroscopy may be
required to validate the response of the measured T, by the
joint T-fat/water separation sequence for the various percen-
tages of intramyocardial fat. However, we did not measure
the intramyocardial fat content, as it is challenging, and it
was not the primary aim of this project.

cardiac

5 | CONCLUSIONS

We devised and evaluated a joint water/fat T, mapping
sequence that allows simultaneous quantification of epicar-
dial fat content and myocardial T, relaxation time without
increasing the overall scan time. The sequence was in good

agreement with the STONE T; mapping technique and a 2-
point Dixon water/fat separation technique.

ACKNOWLEDGMENTS

The authors acknowledge the financial support from the British
Heart Foundation (RG/12/1/29262), the Center of Excellence in
Medical Engineering funded by the Wellcome Trust and
EPSRC (WT 088641/2/09/Z), the EPSRC (EP/P001009/1 and
EP/P007619/1), FONDECYT No. 1161051 and CONICYT-
ANILLO ACT 1416, and the Department of Health through the
National Institute for Health Research comprehensive Biomedi-
cal Research Centre award to Guy’s & St. Thomas’ NHS Foun-
dation Trust in partnership with King’s College London and
King’s College Hospital NHS Foundation Trust and National
Institutes of Health (RO1-HL12915701).

ORCID

Maryam Nezafat (i http://orcid.org/0000-0002-2608-9977

REFERENCES

[1] Broberg CS, Chugh SS, Conklin C, Sahn DJ, Jerosch-Herold M.
Quantification of diffuse myocardial fibrosis and its association
with myocardial dysfunction in congenital heart disease. Circ
Cardiovasc Imaging. 2010;3:727-734.

Flett AS, Hayward MP, Ashworth MT, et al. Equilibrium con-
trast cardiovascular magnetic resonance for the measurement of

2

—

diffuse myocardial fibrosis: preliminary validation in humans.
Circulation. 2010;122:138-144.

Messroghli DR, Moon JC, Ferreira VM, et al. Clinical recom-
mendations for cardiovascular magnetic resonance mapping of
T1, T2, T2* and extracellular volume: a consensus statement by
the Society for Cardiovascular Magnetic Resonance (SCMR)
endorsed by the European Association for Cardiovascular Imag-
ing (EACVI). J Cardiovasc Magn Reson. 2017;19:75.

[4] Messroghli DR, Radjenovic A, Kozerke S, Higgins DM, Siva-
nanthan MU, Ridgway JP. Modified Look-Locker inversion
recovery (MOLLI) for high-resolution T1 mapping of the heart.
Magn Reson Med. 2004;52:141-146.

[5] Messroghli DR, Greiser A, Frohlich M, Dietz R, Schulz-Menger J.
Optimization and validation of a fully-integrated pulse sequence

[3

—_—

for modified look-locker inversion-recovery (MOLLI) T1 mapping
of the heart. J Magn Reson Imaging. 2007;26:1081-1086.

[6] Piechnik SK, Ferreira VM, Dall’Armellina E, et al. Shortened
Modified Look-Locker Inversion recovery (ShMOLLI) for clini-
cal myocardial T1-mapping at 1.5 and 3T within a 9 heartbeat
breathhold. J Cardiovasc Magn Reson. 2010;12:69.

[7] Chow K, Flewitt JA, Green JD, Pagano JJ, Friedrich MG,
Thompson RB. Saturation recovery single-shot acquisition
(SASHA) for myocardial T(1) mapping. Magn Reson Med.
2014:71:2082-2095.

[8] Weingartner S, Akcakaya M, Basha T, et al. Combined satura-
tion/inversion recovery sequences for improved evaluation of

scar and diffuse fibrosis in patients with arrhythmia or heart rate
variability. Magn Reson Med. 2014;71:1024-1034.


http://orcid.org/0000-0002-2608-9977

NEZAFAT Er AL

494 . . ]
—I—Magnetlc Resonance in Medicine

[9] Weingartner S, Roujol S, Akcakaya M, Basha TA, Nezafat R.
Free-breathing multislice native myocardial T mapping using the
slice-interleaved T (STONE) sequence. Magn Reson Med. 2015;
74:115-124.

[10] Nacif MS, Turkbey EB, Gai N, et al. Myocardial T1 mapping
with MRI: comparison of look-locker and MOLLI sequences.
J Magn Reson Imaging. 2011;34:1367-1373.

[11] Kellman P, Herzka DA, Hansen MS. Adiabatic inversion pulses
for myocardial T1 mapping. Magn Reson Med. 2014;71:1428-
1434.

[12] Kellman P, Herzka DA, Arai AE, Hansen MS. Influence of off-
resonance in myocardial T1-mapping using SSFP based MOLLI
method. J Cardiovasc Magn Reson. 2013;15:63.

[13] Robson MD, Piechnik SK, Tunnicliffe EM, Neubauer S. TlI
measurements in the human myocardium: the effects of magnet-
ization transfer on the SASHA and MOLLI sequences. Magn
Reson Med. 2013;70:664-670.

[14] Pagano JJ, Chow K, Yang R, Thompson RB. Fat-water sepa-
rated myocardial T(1 )mapping with IDEAL-T(1 )saturation
recovery gradient echo imaging. J Cardiovasc Magn Reson.
2014;16:P65.

[15] Bertaso AG, Bertol D, Duncan BB, Foppa M. Epicardial fat:
definition, measurements and systematic review of main out-
comes. Arq Bras Cardiol. 2013;101:e18-e28.

[16] Sacks HS, Fain JN. Human epicardial adipose tissue: a review.
Am Heart J. 2007;153:907-917.

[17] Tacobellis G, Corradi D, Sharma AM. Epicardial adipose tissue:
anatomic, biomolecular and clinical relationships with the heart.
Nat Clin Pract Cardiovasc Med. 2005;2:536-543.

[18] Dixon WT. Simple proton spectroscopic imaging. Radiology.
1984;153:189-194.

[19] Eggers H, Brendel B, Duijndam A, Herigault G. Dual-echo
Dixon imaging with flexible choice of echo times. Magn Reson
Med. 2011;65:96-107.

[20] Homsi R, Meier-Schroers M, Gieseke J, et al. 3D-Dixon MRI
based volumetry of peri- and epicardial fat. Int J Cardiovasc
Imaging. 2016;32:291-299.

[21] Roujol S, Foppa M, Weingartner S, Manning WJ, Nezafat R.
Adaptive registration of varying contrast-weighted images for
improved tissue characterization (ARCTIC): application to T1
mapping. Magn Reson Med. 2015;73:1469-1482.

[22] Roujol S, Basha TA, Weingartner S, et al. Impact of motion
correction on reproducibility and spatial variability of quantita-
tive myocardial T2 mapping. J Cardiovasc Magn Reson. 2015;
17:46.

[23] Cerqueira MD, Weissman NJ, Dilsizian V, et al. Standardized
myocardial segmentation and nomenclature for tomographic
imaging of the heart. A statement for healthcare professionals
from the Cardiac Imaging Committee of the Council on Clinical
Cardiology of the American Heart Association. Circulation.
2002;105:539-542.

[24] Larmour S, Chow K, Kellman P, Thompson RB. Characteriza-
tion of T1 bias in skeletal muscle from fat in MOLLI and

SASHA pulse sequences: quantitative fat-fraction imaging with
T1 mapping. Magn Reson Med. 2017;77:237-249.

[25] Kimura F, Matsuo Y, Nakajima T, et al. Myocardial fat at car-
diac imaging: how can we differentiate pathologic from physio-
logic fatty infiltration? Radiographics. 2010;30:1587-1602.

[26] Kellman P, Hernando D, Arai AE. Myocardial fat imaging. Curr
Cardiovasc Imaging Rep. 2010;3:83-91.

[27] Su L, Siegel JE, Fishbein MC. Adipose tissue in myocardial
infarction. Cardiovasc Pathol. 2004;13:98-102.

[28] Goldfarb JW, Arnold S, Roth M, Han J. T1-weighted magnetic
resonance imaging shows fatty deposition after myocardial
infarction. Magn Reson Med. 2007;57:828-834.

[29] Sparrow PJ, Kurian JB, Jones TR, Sivananthan MU. MR imag-
ing of cardiac tumors. Radiographics. 2005;25:1255-1276.

[30] Kaminaga T, Naito H, Takamiya M, Hamada S, Nishimura T.
Myocardial damage in patients with dilated cardiomyopathy: CT
evaluation. J Comput Assist Tomogr. 1994;18:393-397.

[31] Hamada S, Takamiya M, Ohe T, Ueda H. Arrhythmogenic right
ventricular dysplasia: evaluation with electron-beam CT. Radiol-
ogy. 1993;187:723-727.

[32] Basso C, Thiene G. Adipositas cordis, fatty infiltration of the
right ventricle, and arrhythmogenic right ventricular cardiomyop-
athy. Just a matter of fat? Cardiovasc Pathol. 2005;14:37-41.

[33] Kim E, Choe YH, Han BK, et al. Right ventricular fat infiltra-
tion in asymptomatic subjects: observations from ECG-gated
16-slice multidetector CT. J Comput Assist Tomogr. 2007;31:22-
28.

[34] Imada M, Funabashi N, Asano M, et al. Epidemiology of fat
replacement of the right ventricular myocardium determined by
multislice computed tomography using a logistic regression
model. Int J Cardiol. 2007;119:410-413.

[35] Jang J, Bellm S, Roujol S, et al. Comparison of spoiled gradient
echo and steady-state free-precession imaging for native myocar-
dial T1 mapping using the slice-interleaved T1 mapping
(STONE) sequence. NMR Biomed. 2016;29:1486-1496.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
supporting information tab for this article.

FIGURE S1 Representative T; maps and fat images of a
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(middle 2 rows), and Dixon (bottom row) sequences.
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