d
A
i
15,

Universiteit

Q) { 75-

Ndlid Leiden

O 2,

'M’y The Netherlands

o

Improved cardiac T-1 mapping accuracy and precision with a new

hybrid MOLLI and SASHA technique: MOSHA
Sohani, M.; Geest, R.].J. van der; Maier, A.; Powell, A.].J.; Moghari, M.H.H.

Citation

Sohani, M., Geest, R. ]J. ]J. van der, Maier, A., Powell, A. J. J., & Moghari, M. H. H. (2022).
Improved cardiac T-1 mapping accuracy and precision with a new hybrid MOLLI and
SASHA technique: MOSHA. Magnetic Resonance Imaging, 89, 33-41.
d0i:10.1016/j.mri.2022.02.004

Version: Publisher's Version
License: Licensed under Article 25fa Copyright Act/Law (Amendment Taverne)
Downloaded from: https://hdl.handle.net/1887/3567581

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/3567581

Magnetic Resonance Imaging 89 (2022) 33-41

ELSEVIER

Contents lists available at ScienceDirect
Magnetic Resonance Imaging

journal homepage: www.elsevier.com/locate/mri

t.)

Check for

Improved cardiac T; mapping accuracy and precision with a new hybrid ol
MOLLI and SASHA technique: MOSHA

Majid Sohani®“", Rob J. van der Geest”, Andreas Maier , Andrew J. Powell °, Mehdi

H. Moghari*

& Department of Cardiology, Boston Children's Hospital, Department of Pediatrics, Harvard Medical School, USA
Y Division of Image Processing, Department of Radiology, Leiden University Medical Center, the Netherlands
¢ Department of Pattern Recognition, University of Erlangen-Nuremberg, Germany

ARTICLE INFO

Keywords:

Cardiac magnetic resonance
Tissue characterization
Myocardial fibrosis
Extracellular volume fraction
T; mapping

ABSTRACT

Purpose: To develop and validate a new myocardial T; mapping sequence (MOSHA) which is based on a com-
bination of the modified Look-Locker inversion recovery (MOLLI) and the saturation recovery single-shot
acquisition (SASHA) sequences.

Methods: Prior studies have shown that myocardial T; mapping by SASHA is more accurate but less precise than
MOLLI. A new myocardial T; mapping technique (MOSHA) based on single-shot acquisitions is developed by
combining the MOLLI and SASHA sequences. Phantom and patient studies on 15 patients (9 males, median age
21 years) were performed to validate and compare MOSHA with the MOLLI and SASHA sequences in terms of
accuracy and precision.

Results: In the phantom study, MOSHA was as accurate as SASHA (P-value = 0.88) and as precise as MOLLI (P-
value = 0.59). Similar trends were observed in the patient study. Compared to SASHA, MOSHA accuracy was
comparable for blood pre-contrast (P-value>0.10) and post-contrast (P-value>0.70), and for myocardium pre-
contrast (P-value = 0.70) and post-contrast (P-value = 0.09). Compared to MOLLI, MOSHA precision was
lower for blood pre-contrast (P-value<0.01) and higher for blood post-contrast (P-value<0.01), and comparable
for myocardium pre-contrast (P-value = 0.24) and post-contrast (P-value = 0.07). Synthetic Extracellular volume
fraction (ECV) calculated by MOSHA was more precise than those of SASHA and MOLLI (P-value<0.01).
Conclusion: In phantom studies and patients, MOSHA has comparable accuracy as SASHA and nearly similar
precision as MOLLI for T; mapping. Precision of MOSHA was better than MOLLI and SASHA in synthetic ECV
measurements. Therefore, it may be a superior choice in clinical practice for a precise and accurate calculation of
T, and ECV.

1. Introduction

Different Ty mapping sequences based on inversion recovery (i.e., a
180° pulse) [6-10], saturation recovery (i.e., a 90° pulse) [11,12], or a

The measurement of longitudinal magnetization relaxation time (T)
is a known cardiovascular magnetic resonance (CMR) technique that is
used for quantitative tissue characterization [1-4]. T; mapping pre- and
post-contrast can be useful in detecting diffuse myocardial fibrosis by
calculating the extracellular volume fraction (ECV) [5]. Myocardial T;
and ECV can be helpful in diagnosing a variety of heart diseases
including myocarditis, stress-induced cardiomyopathy, acute and
chronic myocardial infarction, cardiac amyloidosis, rheumatoid
arthritis, systemic sclerosis, Anderson-Fabry disease, and diffuse fibrosis
[2-4].

combination of these two pulses [13,14] have been developed. The most
widely used method is the modified Look-Locker inversion recovery
(MOLLI) sequence [7]. It has the advantage of good precision but un-
derestimates T; [10,15]. To improve the accuracy of MOLLI, the satu-
ration recovery single-shot acquisition (SASHA) sequence was
developed [11]. SASHA has been shown to be more accurate than MOLLI
in the estimation of T; but has lower precision [10,16].

Accordingly, we sought to develop a new T; mapping sequence
which is both accurate and precise. Our technique is based on a com-
bination of the MOLLI and SASHA sequences, and thus termed MOSHA.
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Phantom and patient studies were performed to compare the accuracy
and precision of MOSHA with MOLLI and SASHA.

2. Methods
2.1. Image acquisition

A schematic diagram of the MOLLI, SASHA, and MOSHA sequences is
shown in Fig. 1. The typical pre-contrast MOLLI sequence is based ona 5
(3 s)3 scheme [7]. Following an inversion pre-pulse with a delay of
~110 ms before image acquisition to invert the longitudinal magneti-
zation vector, the T; recovery curve is sampled once during each of the
next 5 consecutive beats. Next, a 3-s pause interval is applied to allow
the longitudinal magnetization vector to recover. After this pause in-
terval, a second inversion pre-pulse with a delay of ~350 ms to image
acquisition is applied in the 9th beat and the T; recovery curve is
sampled once during each of the next 3 consecutive beats. With SASHA
[11], without applying any pre-pulse, an image is acquired in the first
beat to sample the T; recovery curve at the infinity time point. For each
of the next 9 beats, a saturation pre-pulse and T; sampling are per-
formed. The pre-pulse delay time is linearly incremented from ~105 ms
to 700 ms with each beat (assumed heart rate of 60 bpm).

Our MOSHA sequence is a combination of MOLLI and SASHA. It is
based on a 5(3 s)3 scheme of MOLLI for pre-contrast and a 4(1 s)3(1 s)2
scheme for post-contrast. Twenty-one images are acquired in 21 s
assuming a heart rate of 60 bpm to estimate the T; recovery curve. In the
first beat, there is no pre-pulse and the T; recovery curve is sampled at
the infinity time point. Then, the conventional 5(3 s)3 scheme (or 4(1 s)
3(1 s)2 scheme) MOLLI sequence is performed in the next 11 beats to
sample the T; recovery curve following an inversion pre-pulse. Imme-
diately after this and without any pause interval, the SASHA sequence is
performed in the next 9 beats to sample the T recovery curve using a
saturation pre-pulse.

2.2. T; computation

The algorithm to calculate the T; recovery curve and T; map from
the MOSHA images for each patient is shown in Fig. 2. MOSHA images
were first registered using an elastic registration algorithm with MASS
research software (V2018-EXP, Leiden University Medical Center) to
account for possible drifts in respiratory pattern and beat-to-beat vari-
ations in cardiac position [17,18]. Next, 3 regions of interest (ROIs) were
placed on MOSHA images: 1) left ventricle (LV) blood pool, 2) right
ventricle (RV) blood pool, and 3) LV myocardium. The ROI for
myocardium was covering the entire septum (i.e., the cardiac muscle
around the LV). The ROIs for LV and RV were including the entire blood
pool in the LV and RV cavities.

MOSHA images were then divided into two groups: MOLLI part
(image numbers 2-9) and SASHA part (image numbers 1 and 10-19).
Two T; values and maps, one from MOLLI part of MOSHA images and
one from SASHA part of MOSHA images, were calculated for each ROI

by using a nonlinear least-squares solver with 3 parameters, (A -B eT;lt),

in MATLAB (Release 2016, Mathworks, Natick, MA). Our proposed T;
calculation method is based on prior studies that show that the T; map
calculated from SASHA images does not have a bias but it is not precise
and that the Ty map derived from MOLLI images is precise but has a bias
[4,10,16,19]. For every subject, the bias is separately calculated for each
ROI by subtracting the mean of T; value calculated from the SASHA part
of MOSHA and the MOLLI part of MOSHA over that ROL The bias for
each subject is then added to the T; pixel values derived from MOLLI
part of MOSHA to generate a T; map which is both accurate and precise.

2.3. Extracellular volume (ECV) calculation

Based on the estimated T; maps, an ECV map was calculated using
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The hematocrit was simulated using the following formula [21]:

the following formula [20]:

ECV = (1 — hematocrit) x (€]

Synthetic hematocrity,,,; = <866.0 X {I/Tl} LV blood MOLLI /7re> —0.1232
2
2.4. Phantom study

To compare the performance of MOSHA versus MOLLI and SASHA,
we used a phantom consisting of 14 tubes containing nickel chloride
doped agarose gel with different T; and Ty values. The phantom was
imaged using a Philips 1.5 T Achieva-dStream scanner (Philips Medical
Systems, Best, the Netherlands) and an anterior and posterior receiver
coil array. A spin-echo (SE) sequence was used to calculate the reference
T, values of each tube. The imaging parameters for the SE sequence were
field-of-view 300 x 300 mm, slice thickness 10 mm, spatial resolution
2.0 x 2.0 mm reconstructed to 1.2 x 1.2 mm, echo time (TE) 11 ms,
repetition time (TR) 10,000 ms, inversion time 50 ms, and scan time
~25.2 min with a simulated heart rate of 60 bpm. We repeated the SE
sequence with 17 different inversion times ranging from 50 ms to 5000
ms to sample the T; recovery curve at different time points. Another SE
sequence was also acquired to measure the Ty recovery curve at 32 time
points with the following imaging parameters: field-of-view 300 x 300
mm, slice thickness 10 mm, spatial resolution 2.0 x 2.0 mm recon-
structed to 1.2 x 1.2 mm, TE 10 ms (x 32), and TR 10000 ms.

Each of the 3 T; mapping techniques (MOLLI, SASHA, and MOSHA)
was then acquired for different heart rates of 60, 80, 100, and 120 bpm
with the following imaging parameters: steady-state free precession
readout, field-of-view 300 x 300 mm, slice thickness 10 mm, spatial
resolution 2.0 x 2.0 mm reconstructed to 1.2 x 1.2 mm, TE 0.96 ms, TR
2.1 ms, partial echo 0.85, parallel imaging SENSE x2, flip angle 35°,
bandwidth 1082 Hz, 10 ramp-up pulses, linear profile ordering, phase-
encoding lines 75, and temporal resolution 161 ms. The scheme for
the MOLLI acquisition was 5(3 s)3 with inversion pulse delays of 110 ms
and 350 ms before image acquisition. For the SASHA sequence, the delay
between the saturation pulse and imaging was initially 105 ms and was
then linearly incremented to the maximum allowable delay. A delay of
10 s was applied between each scan to allow full recovery of the net
magnetization vector.

2.5. Patient study

To investigate the performance of MOSHA and compare it with
MOLLI and SASHA in clinical practice, we performed a prospective
study in patients. Subjects were eligible if they were referred for a
contrast-enhanced CMR exam. Our hospital's Committee on Clinical
Investigation approved this study, and written informed consent was
obtained from all subjects.

From each subject, 2 sets each of MOLLI, SASHA, and MOSHA im-
ages were acquired in a mid-ventricular short-axis view during breath-
holding before (pre-contrast) and 15 min after the administration of
0.15 mmol/kg gadobutrol contrast (post-contrast). The MOLLI scheme
for pre-contrast was 5(3 s)3 and for post-contrast was 4(1 s)3(1 s)2. The
SASHA scheme was the same for pre- and post-contrast. The MOLLI part
of MOSHA sequence has the same scheme as MOLLI acquisition for the
pre- and post-contrast. The scanner, coil, and imaging parameters for
MOLLI, SASHA, and MOSHA were the same as in the phantom study.
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Fig. 1. Schematic diagram of the MOLLI sequence with 5(3 s)3 scheme, the SASHA sequence with 10 beats of image acquisition, and the MOSHA sequence which is

the combination of MOLLI and SASHA.

2.6. Statistical analysis

For both the phantom and patient studies, T; values for a given ROI
were calculated by averaging all the values within the ROL For the
phantom study, the ROI T; values calculated from MOLLI, SASHA, and
MOSHA were compared with the ones derived from the reference SE
images in terms of accuracy and precision. The T; values calculated from
MOSHA were also compared with MOLLI and SASHA in terms of pre-
cision. For the patient study, the pre- and post-contrast ROI T; values
from MOSHA were compared with SASHA in terms of accuracy and with
MOLLI in terms of precision. Bland-Altman plots were also used to
compare the pre- and post-contrast T; values calculated from MOSHA
with SASHA and MOLLI at myocardium and blood pools in the LV and
RV cavities. The synthetic ECVs calculated from MOSHA were then
compared with the synthetic ECVs from MOLLI and SASHA in terms of
accuracy and precision. A paired two-tailed Student's t-test was used for
all comparisons. A P-value <0.05 was considered to be statistically
different.

Accuracy for the phantom study was assessed by calculating the
mean difference error defined as the mean of differences between the
test method and the reference method & Y7 1 Titesti — Tireference; Where

iis the pixels in the ROI and n is the number of tubes)

[1,16,22]. Precision was defined as the standard deviation in the esti-
mation of T; in an ROI (\/nlf1 S| T1; — mean T | where i is the

number of pixels in the ROI and n is the total number of pixels in the
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ROI) [1,16,22].
3. Results
3.1. Phantom study

The measured T; using the SE sequence in the 14 tubes of the
phantom ranged from 271 to 1484 ms. Fig. 3 shows the T; values of the
14 tubes measured from MOLLI, SASHA, and MOSHA images. Fig. 4,
Supporting Fig. 1, and Supporting Fig. 2 show the accuracy and preci-
sion of MOLLI, SASHA, and MOSHA T; measurements at different heart
rates using SE T; values as the reference. Table 1 lists the mean differ-
ence error (a measure of accuracy) and standard deviation (a measure of
precision) for T; measurement using data from all 4 heart rates and all
14 tubes (i.e., 56 T1 measurements per sequence) and using SE T, values
as a reference. MOSHA mean difference error for T; measurement was
similar to SASHA (14.1 & 42.1 ms vs. 13.2 & 18.5 ms; P-value = 0.88).
Specifically, MOLLI T; values were systematically lower than those of
MOSHA (63.7 + 55.5 ms vs. 14.1 + 42.1 ms; P-value<0.01). MOSHA T
measurement was as precise as MOLLI (8.6 + 4.9 ms vs. 8.2 + 3.1 ms; P-
value = 0.59) and better than SASHA (8.6 & 4.9 ms vs. 26.6 & 18.5 ms;
P-value<0.01).

3.2. Patient study

Fifteen patients (9 males) with a median age of 21 years (range,
2-77) and a median weight of 65 kg (range, 10-80) were enrolled in the
study. Their principal diagnoses were bicuspid aortic valve and
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calculated. The bias in T, estimation is calculated as the difference between the average T; value from SASHA and MOLLI images for each ROI for each patient
individually. Finally, a MOSHA T; map is generated by adding the calculated bias to the T; map generated from MOLLI part.
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Fig. 3. Phantom study pre-contrast T; maps based on SE (reference), MOLLI, SASHA, and MOSHA images. The mean T1 value for each tube is shown by a color scale
and listed for the SE image. More color homogeneity in each tube means better precision and T; values closer to SE means better accuracy. MOLLI had good precision
but reduced accuracy. SASHA had better accuracy but lower precision. MOSHA had both good accuracy and precision.

coarctation of the aorta (n = 5), atrial septal defect (n = 3), aortic ste- pre-contrast, the mean standard deviation of T; of MOSHA was signifi-
nosis (n = 3), myocarditis (n = 2), myotonic dystrophy (n = 1), and cantly higher than that of MOLLI for the LV blood pool (170 + 24 ms vs.
superior sinus venosus defect (n = 1). All successfully completed the 146 + 26 ms; P-value<0.01) and for the RV blood pool (155 + 33 ms vs.
acquisition of pre- and post-contrast MOLLI, SASHA, and MOSHA im- 136 + 28 ms; P-value<0.01) but there was no difference for the LV
ages. The mean heart rate during the CMR scan was 72 4+ 10 bpm. Figs. 5 myocardium (97 + 30 ms vs. 92 + 27 ms; P-value = 0.24). For post-
and 6 show the pre- and post-contrast T; maps and synthetic ECV maps contrast, the precision of MOSHA was significantly better than that of
generated from MOLLI, SASHA, and MOSHA images acquired from 2 MOLLI for the LV blood pool (34 &+ 6 ms vs. 50 + 21 ms; P-value = 0.01)

patients. and the RV blood pool (27 + 8 ms vs. 37 + 11 ms; P-value<0.01), but
Two sets of pre- and post-contrast MOLLI, SASHA, and MOSHA im- there was no significant difference for the LV myocardium (42 + 10 ms

ages were acquired in each patient. The pre- and post-contrast mean T; vs. 49 + 18 ms; P-value = 0.07).

in the LV blood pool, RV blood pool, and LV myocardium calculated The mean LV synthetic ECV and standard deviation for LV synthetic

from MOLLI, SASHA, and MOSHA images for the 15 patients are listed in ECV measured from MOLLI, SASHA, and MOSHA images are shown in
Table 2. There was no significant difference (all P-values>0.09) between Table 4. The mean synthetic ECV calculated by MOSHA was signifi-
MOSHA versus SASHA estimations of Ty for the pre- and post-contrast cantly lower than by MOLLI (26.0 + 5.1% vs. 30.4 £+ 6.1%; P-val-
values of LV blood pool, RV blood pool, and LV myocardium. ue<0.01) and comparable to SASHA (26.0 + 5.1% vs. 25.7 + 9.5%; P-

The mean standard deviation of T; pre- and post-contrast in the LV value = 0.56). The standard deviation of synthetic ECV by MOSHA was
blood pool, RV blood pool, and LV myocardium calculated from MOLLI, significantly better than MOLLI (5.1 £ 1.5% vs. 6.1 + 1.4%; P-value =
SASHA, and MOSHA images for the 15 patients are listed in Table 3. For 0.01) and SASHA (5.1 4 1.5% vs. 9.5 & 1.5%; P-value<0.01).
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Fig. 4. Comparison of accuracy and precision for pre-contrast between MOLLI, SASHA, and MOSHA images for heart rates of 60, 80, 100, and 120 bpm.

Table 1

The mean difference error (a measure of accuracy) and the standard deviation (a
measure of precision) for T; measurement using data from all heart rates and SE
T values as a reference.

MOLLI SASHA MOSHA
Mean difference error (ms) 63.7 £ 55.5 13.2 +18.5 14.1 + 42.1
Standard deviation (ms) 82+31 26.6 + 18.5 8.6 4.9

Values are mean + standard deviation.
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Supporting Fig. 3 shows the Bland-Altman plots comparing the pre-
contrast Ty values calculated from SASHA and MOSHA, and MOLLI and
MOSHA images at myocardium and blood pools in the LV and RV cav-
ities. Supporting Fig. 4 display the Bland-Altman plots comparing the
post-contrast T; values calculated from SASHA and MOSHA, and MOLLI
and MOSHA images at myocardium and blood pools in the LV and RV
cavities.
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Fig. 5. T; and synthetic ECV maps in a 15-year-old female patient with a superior sinus venosus defect.

4. Discussion

We developed a new CMR T; mapping method, MOSHA, based on a
combination of the MOLLI and SASHA sequences with the aim of
achieving both accurate and precise measurements. It combines the
previously recognized accuracy of the SASHA sequence with the preci-
sion of the MOLLI sequence. Calculation of the MOSHA T; in essence
corrects the T; value derived from the MOLLI part of the sequence based
on the Ty value derived from the SASHA part of the sequence. If the
MOLLI and SASHA sequences were acquired as two separate acquisi-
tions, the results might be inferior to MOSHA. This is because patients
may hold their breath differently for two acquisitions.

In the phantom study, MOLLI, SASHA, and MOSHA were compared
to SE as the golden standard. MOSHA was shown to be as accurate as
SASHA and as precise as MOLLI. In our patient study, SASHA was
considered as the reference sequence for accuracy and MOLLI for pre-
cision. There was no significant difference between MOSHA and SASHA
estimations of T; for pre- and post-contrast values of LV blood pool, RV
blood pool, and LV myocardium. For both pre- and post-contrast ac-
quisitions, the bias between the T; values calculated from SASHA and
MOSHA images was <2.6% at myocardium, <0.8% at LV blood pool,
and <1.8% for RV blood pool. The precision of MOSHA estimations of Ty
was similar to or better than that of MOLLI for pre- and post-contrast
values of LV blood pool, RV blood pool, and LV myocardium. In the
patient study, the difference between the precision of MOLLI part of
MOSHA and MOLLI images in pre- and post-contrast could stem from
different acquisitions resulting in different level of breath-holdings,
heartrates, and ROIs for the ventricles and myocardium. For synthetic
ECV the precision of MOSHA was significantly better than MOLLI and
similar to SASHA.

Although the MOLLI sequence is less accurate than the SASHA
sequence for T; and ECV measurement, it is widely used in clinical

38

practice because it is more precise than SASHA [10]. It has been shown
that MOLLI underestimates Ty [15,16,23], is dependent on T, and is
sensitive to magnetization transfer [16,19]. This inaccuracy of MOLLI
affects the ECV measurement as well. ECV measurement cannot be ac-
curate, because the T; maps being used are not accurate. In contrast,
SASHA accurately estimates Ty, is Ty independent, and is insensitive to
magnetization transfer [24,25]. There have been many attempts to
either improve the accuracy of MOLLI [1,6,8,13,26-29] or increase the
precision of SASHA [1,5,30]. Saturation pulse prepared heart rate in-
dependent inversion recovery (SAPPHIRE) [31] yields similar accuracy
as SASHA but its precision is lower than MOLLI [16]. It has been shown
that ECV measurement with MOLLI is significantly different compared
with SASHA and SAPPHIRE [16]. The ANGIE sequence [6] altered the
MOLLI acquisition scheme by skipping one or more heartbeats to allow
more recovery time between pre-pules but it still did not reach the
precision of MOLLI. Hybrid methods using inversion and saturation re-
covery pre-pulses at the same time [12,14] have also been tried to
minimize the MOLLI sequence's shortcomings. Although these tech-
niques achieve the accuracy of SASHA, they are still not as precise as
MOLLI [16]. Furthermore, there are a number of free-breathing methods
based on either saturation [30,32] or inversion recovery [10,28,33,34]
pre-pulses that try to improve the precision of SASHA or the accuracy of
MOLLI. Some of these free-breathing methods could achieve a similar
accuracy to breath-hold SASHA while maintaining the same precision as
MOLLI [30,32].

Our study has several limitations. The patient population was small
and it is thus possible that additional differences among the MOSHA,
SASHA, and MOLLI sequences might emerge with larger sample size.
Recruitment of healthy subjects for a contrast-enhanced CMR exam was
not possible in our institution. In addition, breath-holding was used for
respiratory motion compensation. Patients who are too young or ill may
not be able to hold their breath for ~21 s assuming a heart rate of 60
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Fig. 6. T; and synthetic ECV maps in a 20-year-old female patient with bicuspid aortic valve.

Table 2
Estimated pre- and post-contrast T; values using MOLLI, SASHA, and MOSHA images in 15 patients.
Pre-contrast Post-contrast
MOLLI SASHA MOSHA SASHA vs. MOLLI vs. MOLLI SASHA MOSHA SASHA vs. MOLLI vs.
MOSHA P- MOSHA P- MOSHA P- MOSHA P-
value value value value
LV blood pool 1414 + 1489 + 1501 + 354 + 391 + 391 +
(ms) 450 60 53 0.21 <0.01 M 45 42 0.98 <0.01
RV blood pool 1431 + 1493 + 1520 + 351 + 393 + 391 +
(ms) 109 88 71 0.10 <0.01 53 64 60 0.70 <0.01
LV myocardium 1047 + 1257 + 1230 + 451 + 584 + 569 +
(ms) 2 45 51 0.70 <0.01 38 49 40 0.09 <0.01

Values are mean =+ standard deviation.

Table 3
Standard deviation of the estimated pre- and post-contrast T; values using MOLLI, SASHA, and MOSHA images in 15 patients.
Pre-contrast Post-contrast
MOLLI SASHA MOSHA SASHA vs. MOLLI vs. MOLLI SASHA MOSHA SASHA vs. MOLLI vs.
MOSHA P-value MOSHA P-value MOSHA P-value MOSHA P-value
LV blood pool 146 + 228 + 170 + 50 +
(ms) 2% 25 24 <0.01 <0.01 21 95 + 26 34+6 <0.01 0.01
RV blood pool 136 + 240 + 155 + 37 +
(ms) o8 52 33 <0.01 <0.01 1 78 + 22 27 +8 <0.01 <0.01
LWmyocardium o) | o7 2823 4150 <01 0.24 49+ 105+ 4110 <001 0.07
(ms) 28 18 20

Values are mean =+ standard deviation.
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Table 4
Mean LV synthetic ECV percentage and standard deviation of synthetic ECV
percentage calculated from MOLLI, SASHA, and MOSHA images in 15 patients.

MOLLI SASHA MOSHA SASHA vs. MOLLI vs.
MOSHA MOSHA
P-value P-value
Mean of synthetic ~ 30.4 + 25.7 + 26.0 + 0.56 <0.01
ECV% 6.1 9.5 5.1
Standard 6.1 + 9.5+ 51+ <0.01 0.01
deviation of 1.4 1.5 1.5
synthetic ECV%

Values are mean =+ standard deviation.

bpm resulting in respiratory motion artifacts including through-plane
motion that cannot be adequately compensated for with an image
registration algorithm. To address this, MOSHA could also be acquired
with free-breathing techniques [10,30,32-34]. Dictionary matching al-
gorithms [35], instead of exponential fitting, or image denoising [36]
could also be used to reduce the number of heartbeats, and acquisition
time. In addition, we did not compare the performance of MOSHA that
needs a long breath-hold of 21 s with the combination of MOLLI and
SASHA sequences that are acquired in two different scans with a shorter
breath-hold time. Furthermore, we did not study the impact of flip angle
on improving the precision of SASHA and SASHA part of MOSHA. We
used the flip angle of 35° for the SASHA acquisitions [10]; however, a
higher flip angle could be used to increase the accuracy of SASHA [16].
Finally, we did not explore the effect of the first image acquisition
without a pre-pulse in the MOSHA sequence on MOLLI part of the
MOSHA. This acquisition could potentially affect the T; measurements
in MOLLI part of the MOSHA; however, this effect is compensated for by
using the SASHA part of the MOSHA as shown in the phantom study.

5. Conclusion

We developed a new T; mapping sequence, MOSHA, for an accurate
and precise estimation of T, and synthetic ECV maps for CMR exams.
Accuracy of MOSHA was similar to SASHA and its precision was as good
as MOLLI Such a sequence could be an alternative to MOLLI since it
provides both accurate and precise T; maps and ECV values. Future
efforts will focus on making the MOSHA technique free-breathing and
faster by modifying MOLLI and SASHA schemes.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.mri.2022.02.004.
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