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Purpose: To develop a gadolinium‐free cardiac MR technique that simultaneously 
exploits native T1 and magnetization transfer (MT) contrast for the imaging of myo-
cardial infarction.
Methods: A novel hybrid T one and magnetization transfer (HYTOM) method was 
developed based on the modified look‐locker inversion recovery (MOLLI) sequence, 
with a train of MT‐prep pulses placed before the balanced SSFP (bSSFP) readout 
pulses. Numerical simulations, based on Bloch‐McConnell equations, were per-
formed to investigate the effects of MT induced by (1) the bSSFP readout pulses, and 
(2) the MT‐prep pulses, on the measured, “apparent,” native T1 values. The HYTOM 
method was then tested on 8 healthy adult subjects, 6 patients, and a swine with prior 
myocardial infarction (MI). The resulting imaging contrast between normal myocar-
dium and infarcted tissues was compared with that of MOLLI. Late gadolinium en-
hancement (LGE) images were also obtained for infarct assessment in patients and 
swine.
Results: Numerical simulation and in vivo studies in healthy volunteers demon-
strated that MT effects, resulting from on‐resonance bSSFP excitation pulses and 
off‐resonance MT‐prep pulses, reduce the measured T1 in both MOLLI and HTYOM. 
In vivo studies in patients and swine showed that the HYTOM sequence can identify 
locations of MI, as seen on LGE. Furthermore, the HYTOM method yields higher 
myocardium‐to‐scar contrast than MOLLI (contrast‐to‐noise ratio: 7.33 ± 1.67 vs. 
3.77 ± 0.66, P < 0.01).
Conclusion: The proposed HYTOM method simultaneously exploits native T1 and 
MT contrast and significantly boosts the imaging contrast for myocardial 
infarction.
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1 |  INTRODUCTION

Myocardial infarction (MI) is the leading cause of morbidity 
in the United States with more than 1.2 million people expe-
riencing MI per year.1 In patients with prior MI, the risk of 
sudden cardiac death or major adverse complications, such as 
heart failure, have been directly related to various MI charac-
teristics including infarct size, location, and transmurality.2-5 
Cardiac MR (CMR) offers high reproducibility and accuracy, 
allowing both functional assessment and characterization of 
myocardial tissue.6 Late gadolinium enhancement (LGE) 
CMR is the current clinical standard for evaluating MI in 
patients.7,8 Nevertheless, the use of gadolinium (Gd)‐based 
contrast agent is contraindicated in patients with severe renal 
impairment.9,10 Further, recent data show dose‐dependent Gd 
accumulations in the dentate nucleus and globus pallidus in 
the brain, even in patients with normal renal function.11,12 
Therefore, a CMR approach that could detect and charac-
terize MI without exogenous Gd‐based contrast agent is still 
warranted.

Native T1 mapping, which by definition does not re-
quire Gd, has demonstrated the potential for assessing 
myocardial infarction. Messroghli et al.13 first evaluated 
the feasibility of using pre‐contrast myocardial T1 maps 
for characterizing MI at 1.5T and showed that native T1 
maps enable the detection of acute MI. Nevertheless, the 
limited native T1 contrast between normal myocardium and 
chronic MI at 1.5T leads to poor diagnostic accuracy for 
chronic MI. Recently, there is emerging data that native 
T1 mapping at 3T provides significantly greater sensitiv-
ity and specificity for chronic MI over native T1 mapping 
at 1.5T and can reliably determine the location, size, and 
transmurality of chronic MI.14,15 The performance of native 
T1 mapping on characterizing MI has also been validated in 
animal models.16-18 The heightened native T1 values of MI 
observed in those studies have been ascribed to increased 
extracellular volume (ECV) fractions resulting from the 
edematous and fibrotic myocardium19 and enhanced water 
proton diffusion.20,21

Besides native T1, water–macromolecular proton magne-
tization transfer (MT) has long been used to enhance contrast 
between normal and infarcted tissue22,23 and between blood 
and healthy myocardium24-26 using off‐resonance MT prepa-
ration pulses. Weber et al.27 assessed MT effects in MI based 
on 2 sets of balanced SSFP (bSSFP) images with different 
levels of RF power deposition, which are achieved by varying 
the RF excitation pulse length while keeping the flip angle 
constant. In contrast, dual‐flip angle bSSFP images have also 
been used to exploit MT effects in MI,28,29 and the normalized 
signal differences between those bSSFP images were found 
to be strongly correlated with standard LGE measures.28

Interestingly, longitudinal relaxation and magnetiza-
tion transfer are well known to be closely associated.30,31 In 

fact, Robson et al.32 demonstrated that MT effects resulting 
from bSSFP readout pulses reduce the myocardium T1 when 
measured with the modified look‐lock inversion recovery 
(MOLLI)33 technique and showed that this bias can iron-
ically improve the sensitivity of MOLLI to MI. This is be-
cause MI tissues, with reduced MT effect,27,28 contribute less 
to the measured T1 than the normal myocardium, therefore 
enhancing the contrast between normal and infarcted tissues. 
Nevertheless, this contrast improvement is small (~3% as esti-
mated in Robson et al.32) because of the limited MT weighting 
introduced by the short on‐resonance bSSFP excitation pulses.

In the present study, we aim to improve the native T1 con-
trast between MI and remote myocardium at 1.5T. We hy-
pothesize that the MT effects in MI tissues could be further 
exploited via additional long off‐resonance MT‐preparation 
pulses. We present a new sequence named hybrid T one and 
magnetization transfer (HYTOM). In HYTOM, an apparent 
longitudinal relaxation time constant, containing hybrid na-
tive T1 and MT contrasts, is estimated voxel‐wisely as a new 
imaging biomarker for the detection of MI. Numerical sim-
ulation, phantom studies, and in vivo studies in an animal 
model and patients with prior MI were carried out to investi-
gate the performance of the proposed method.

2 |  METHODS

2.1 | HYTOM sequence
To simultaneously exploit native T1 and magnetization 
transfer contrast for MI imaging, a novel HYTOM sequence 
was proposed based on the 5‐(3s)‐3 MOLLI sequence for 
myocardium T1 mapping.34 In the proposed sequence, a 
train (N = 1–8) of off‐resonance MT‐preparation pulses 
were applied before the bSSFP readout modules within the 
MOLLI sequence (Figure 1). Sinc‐Gaussian‐shaped MT‐
preparation RF pulses were used with the following param-
eters: τ=20 ms, flip angle = 800º, off‐resonance frequency 
= 500 Hz, and B1 amplitude = 15.2 μT. A spoiler gradient 
was applied along the z direction following the MT‐prep 
pulses to crush all residual transverse magnetization before 
the bSSFP readout.

2.2 | Numerical simulation with 
MT exchange
The Bloch‐McConnell (BM) equations35,36 are a general form 
for describing systems that are coupled via an exchange pro-
cess. In the present study, cardiac tissue was modeled using 
the classic spin‐bath model governed by the BM equations.30 
The spin‐bath model consists of 2 pools of protons labeled 
as free pool (subscript f) and restricted pool (subscript r), 
with thermal equilibrium magnetization M0,f = (1− f )M0 and 
M0,r = fM0, respectively. M0 is the total magnetization, and f  
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is the fraction in the restricted pool (also known as semi‐solid 
pool).

The MT effect is commonly described with a modifica-
tion to the standard BM equations assuming the semi‐solid 
pool has no transverse magnetization component because of 
the extremely short T2,r (on the order of 10 μs),37 leading to 4 
coupled differential equations for the system:

In these equations, kf  and kr are the exchange rate be-
tween the 2 pools. They are related via kf M0,f = krM0,r to 
preserve mass balance at thermal equilibrium. ω1(t) is the 
excitation field strength (ω1 (t)=γB1(t)). W(Δ, t) denotes an 
additional rate at which the z‐component of the restricted 
pool is saturated by the applied RF pulses, and it is a func-
tion of the frequency (Δ) and amplitude (B1(t)) of the RF 
pulses:

where G describes the line shape for the restricted pool. A 
Super‐Lorentzian line shape function was used here for the 
restricted pool consistent with the literature.38

In the present study, the extended phase graph frame-
work39,40 was used to simulate the effects of MT on: (1) the 
bSSFP transient and steady state signal, (2) the off‐resonance 
profile of bSSFP, and (3) the longitudinal relaxation curve 
of look‐locker‐like sequences (i.e., MOLLI and HYTOM). 
MT effects arising from on‐resonance bSSFP excitation 
pulses and off‐resonance MT‐prep pulses were both consid-
ered. Details of the simulation parameter values are given in 
Supporting Information Table S1.

2.3 | In vivo study
To develop and evaluate the performance of HYTOM, we 
imaged 8 healthy adult subjects (30 ± 14 y, 8 females), 6 
patients (66 ± 10 y, 1 female), and 1 swine. We prospec-
tively recruited 6 patients with prior MI to participate in our 
study. Each patient had 1 MI, and the duration between MI 
and CMR examination was 15.7 ± 6.3 (min: 10.2; max: 24.5) 
months. More details on these patients are given in Supporting 
Information Table S2. One Yorkshire swine underwent 180‐
min occlusion of the left anterior descending coronary artery 
to create an infarct.18,41 This swine was then allowed to re-
cover for 4 weeks before imaging. All in vivo experiments 
were performed on a Philips Achieva 1.5T scanner (Best, 
The Netherlands) with a 32‐channel cardiac receiver coil 
array. All protocols were approved by Institutional Review 
Board and are HIPPA‐compliant. The animal study was ap-
proved by the Institutional Animal Care and Use Committee. 
All human subjects provided written, informed consent to 
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F I G U R E  1  A, The proposed HYTOM pulse sequence consists of 2 sets of look‐locker (LL) experiments separated by a 3‐s rest cycle. B, An 
inversion pulse (only for the first acquisition of each LL), MT‐prep module, and bSSFP readout module are placed within each heart beat cycle. 
Images are acquired at end‐diastole via a specific ECG trigger delay. C, The MT‐prep module consists of a train of Sinc‐Gaussian off‐resonance 
pulses, followed by a spoiler gradient along z at the end
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participate in this study approved by the Institution’s Human 
Subjects Committee.

For each subject, the imaging protocol included: (1) 
5‐(3s)‐3 MOLLI sequence with the following typical pa-
rameters: TR/TE = 2.7/1.37 ms, FOV = 320 × 320 mm2, 
acquisition matrix = 152 × 152, voxel size = 2.1 × 2.1 mm2, 
linear phase‐encoding ordering, SENSE factor = 2, slices = 
3, slice thickness = 8 mm, bandwidth = 1880 Hz/pixel, and 
flip angle = 35o; and (2) HYTOM sequence with the follow-
ing parameters for the off‐resonant MT‐preparation pulses: 
τ=20 ms, flip angle = 800º, off‐resonance frequency = 500 
Hz, B1 amplitude = 15.2 μT, number of pulses N = 1, 2, 4, 
6, and 8 (for healthy volunteers, i.e., 5 HYTOM scans for 
each subject) or N = 4 (for patients and swine). Four MT‐
prep pulses were used on patients and swine to optimize SNR 
and myocardium‐to‐scar contrast (see Discussion). Other 
imaging parameters were similar to those of the MOLLI se-
quence; (3) 3D LGE sequence (for patients and swine only) 
with the following typical parameters: TR/TE = 5.6/2.7 ms, 
flip angle = 15°, FOV = 360 – 400 × 360 – 400 × 120 mm3, 
sensitivity encoding rate = 2.3, acquisition voxel size = 1.5 
× 1.5 × 10 mm3, slices = 20, acquisition window = 115 ms, 
low‐high phase‐encoding order, with 10 startup RF pulses  
to establish steady‐state magnetization, 17 phase encoding 
lines per cardiac cycle, and spectral pre‐saturation inversion 
recovery‐based fat suppression. All in vivo images were ac-
quired during the diastolic rest period. MOLLI and HYTOM 
were performed with breath‐hold before contrast agent ad-
ministration. Free‐breathing LGE images were acquired 
15–20 min after the intravenous administration of a bolus 
of 0.15 mmol/kg Gadobutrol (Bayer Healthcare, Berlin, 
Germany). A 2D pencil beam navigator with adaptive gating 
window size42 was used to reduce respiratory motion artifacts 
in LGE images.

2.4 | Data analysis
The in vivo data sets were quantitatively analyzed to inves-
tigate the effect of MT‐prep pulses on the measured appar-
ent longitudinal relaxation rate and to compare the imaging 
contrast, between normal and infarcted myocardium, from 
the MOLLI and HYTOM sequences. All images were trans-
ferred to a separate workstation (ThinkStation P500, Lenovo 
Group Ltd., Hong Kong) for analysis. T1 (and MT)‐weighted 
images were first registered retrospectively using a nonrigid 
image registration algorithm43 to compensate for residual in‐
plane motion. On registration, voxel‐wise curve fitting was 
performed to generate T1 maps using a 3‐parameter fitting 
model followed by look‐locker correction as described in 
Messroghli et al.33 For healthy volunteers, regions of inter-
est (ROIs) were manually drawn on the septum. For each 
patient and swine, ROIs of the infarct were defined by an 
experienced cardiologist (U.N. with 11 years of experience in 

cardiovascular imaging) on MOLLI, HYTOM, and LGE im-
ages. Following Kali et al.15 contrast‐to‐noise ratios (CNRs) 
were calculated for the 3 techniques as follows:

All simulation and data analysis were performed using 
MATLAB (version 2017b; The MathWorks, Natick, MA). 
The simulation source code is available at https://github.
com/chongduan/HYTOM. Codes for all simulation results 
presented in this article are included (hash 78b54d7 was the 
version at time of submission). Infarct size and transmurality 
were quantified using the freely available software Segment 
v2.2 (http://segment.heiberg.se). The measured apparent 
T1 values and the CNRs as defined by Equations 6–8 from 
MOLLI, HYTOM, and LGE were compared using a paired‐
sample Student’s t‐test. Statistical significance was defined 
at P < 0.05.

3 |  RESULTS

Figure 2 shows numerical simulation results for magnetiza-
tion transfer effects. Figure 2A illustrates the approach to 
steady‐state of bSSFP readout sequence in 3 scenarios: (1) 
single‐pool model (free water only); (2) 2‐pool model; and 
(3) the 2‐pool model with additional off‐resonant MT‐prepa-
ration pulses placed ahead of the bSSFP readout (Figure 1). 
The MT effect, resulting from on‐resonance bSSFP pulses, 
reduces both transient and steady state signals. The MT‐prep 
pulses further enhance the signal difference at the transient 
phase. The 2‐pool model and 2‐pool model with MT‐prep 
both approach the same steady state (inset in Figure 2A), 
which is ~5% lower than the single‐pool model. Figure 2B 
shows the bSSFP off‐resonance profiles simulated for the 
3 scenarios described above at the center of k‐space. The 
high frequency fluctuation observed in the 3 curves reflects 
a transient behavior of bSSFP, and it vanishes as the bSSFP 
signal approaches steady state. Figure 2C illustrates the cor-
responding apparent longitudinal relaxation curves for the 3 
scenarios. Consistent with previous literature,32,44 the MT ef-
fect from the bSSFP readout pulses alone contributes to the 

(6)CNRLGE =
SIinfarct−SInormal

�noise

,

(7)CNRMOLLI =
T1,infarct−T1,normal

�T1,normal

,

(8)CNRHYTOM =
ApparentT1,infarct−ApparentT1,normal

�ApparentT1,normal

.

https://github.com/chongduan/HYTOM
https://github.com/chongduan/HYTOM
http://segment.heiberg.se
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relaxation measured in MOLLI‐like experiments, leading to 
a 13% decrease of T1. This result is in excellent agreement 
with that shown by Robson et al.32 obtained with a different 
simulation approach. In the present study, the additional MT‐
prep further enhanced the MT effects (blue curve), leading to 
a 27% change in the measured relaxation time constant.

Following simulation, we tested the hypothesis that 
MT‐prep pulses can reduce the apparent relaxation time 
measured with HYTOM sequence in phantom (Supporting 
Information Figure S1) and healthy volunteers (Supporting 
Information Figures S2 and S3). Supporting Information 
Figure S1 shows that the MT‐prep pulses (N = 4) induces an 
18% decrease in the measured T1 by HYTOM comparing to 
MOLLI for a 2.3% agarose solution, whereas the measured 
T1 only changes ~0.6% for tap water (i.e., no MT effect). 
Supporting Information Figure S2 shows the T1‐weighted 
images and reconstructed apparent T1 maps for a represen-
tative healthy volunteer based on the standard MOLLI and 
proposed HYTOM sequences. Note the different contrasts, 
because of additional MT‐weighting, between the myocar-
dium and blood pool on the raw T1‐weighted images for 
MOLLI and HYTOM. Consistent with the simulations and 
phantom results, HYTOM produces lower measured T1 
values than MOLLI, and this difference is a function of the 
number of MT pulses (i.e., off‐resonance irradiation time) as 
shown in Supporting Information Figure S3 and Supporting 
Information Table S3.

Figure 3 shows a comparison between LGE, MOLLI, 
and HYTOM sequences in a swine model with infarct. Both 
MOLLI and HYTOM methods demonstrate heightened‐ 
apparent native T1 values in close spatial agreement with 
the standard LGE images. More importantly, because of the  
additional magnetization transfer contrast in HYTOM, the 
measured T1 values of normal myocardium with higher MT 

effect is further suppressed, leading to better contrast between 
the infarcted and normal myocardium relative to MOLLI. 
Accuracies of infarct size measured by MOLLI and HYTOM 
are 74 ± 16% and 78 ± 12%, respectively, assuming LGE is 
the ground truth.

Similar to the results of the animal study, Figure 4 
demonstrates that HYTOM affords better identification 
of MI than the MOLLI sequence in 2 representative pa-
tients with prior MI. Further, infarct sizes measured by 
HYTOM and MOLLI correlates well with that measured 
by LGE (HYTOM vs. LGE: R2 = 0.986, slope = 0.896, 
intercept = −0.002; MOLLI vs. LGE: R2 = 0.997, slope = 
0.658, intercept = 0.005). HYTOM has a higher accuracy 
than MOLLI (84 ± 8% vs. 76 ± 11%, P < 0.01). Similarly, 
transmurality measured by HYTOM and MOLLI also cor-
relates well with that measured by LGE (HYTOM vs. LGE: 
R2 = 0.979, slope = 0.740, intercept = 5.08; MOLLI vs. 
LGE: R2 = 0.974, slope = 0.599, intercept = 9.09). Both 
HYTOM and MOLLI underestimate the infarct transmural-
ity compared to LGE (LGE: 43.2 ± 17.8%; HYTOM: 37.06 
± 13.30%; MOLLI: 34.99 ± 10.8%).

Figure 5A illustrates the apparent T1 values as measured 
by MOLLI and HYTOM for remote normal and infarcted 
myocardium. In MOLLI, the scarred tissues have higher 
apparent native T1 values than the normal myocardium 
(1336 ± 37 ms vs. 1102 ± 40 ms, P < 0.01). In HYTOM, 
the additional MT‐weighting has a greater reductive im-
pact on the measured apparent T1 value for the normal 
myocardium than for the infarcted myocardium (1289 ± 
38 ms vs. 937 ± 28 ms, P < 0.01). The HYTOM method 
yields larger differences in apparent T1 values between in-
farct scar and remote myocardium than MOLLI (352 ± 
19 ms vs. 234 ± 37 ms, P < 0.01). Figure 5B shows that 
HYTOM has a better contrast‐to‐noise ratio (CNR) than 

F I G U R E  2  Numerical simulation illustrating the effect of magnetization transfer on the approach to bSSFP steady state A, bSSFP off‐
resonance signal profiles at the center of kspace (TR number = 40) B, and the apparent relaxation for LL‐based sequences C. Red, green, and blue 
curves represent the cases of single pool (i.e., free water pool only), 2‐pool (i.e., free water pool and restricted water pool), and 2 pool with MT‐prep 
pulses, respectively. The inset in (A) shows a zoomed‐in window at the steady state of the 3 scenarios
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F I G U R E  3  Comparison of LGE (top), MOLLI (middle), and HYTOM (bottom) for 3 slices (left to right columns) from a swine with 
infarct, demonstrating improvements in the MI contrast of HYTOM relative to MOLLI. Red and green dashed circles show representative ROIs for 
infarcted and normal myocardium, respectively

F I G U R E  4  Comparison of LGE (left column), MOLLI (middle column), and HYTOM (right column) images in 2 patients (A and B) with 
prior MI. Similar to Figure 3, red and green dashed circles indicate the ROIs for infarcted and normal myocardium, respectively
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MOLLI (7.33 ± 1.67 vs. 3.77 ± 0.66, P < 0.01), whereas 
LGE has the highest CNR among the 3 methods (17.8 ± 
5.84, P < 0.001).

4 |  DISCUSSION

In this work, the HYTOM method for imaging myocardial 
infarction is presented. In HYTOM, an apparent longitudi-
nal relaxation time constant is estimated after applying off‐
resonance MT‐prep pulses in the context of myocardium T1 
mapping. This resulting apparent T1 value simultaneously 
exploits native T1 and MT contrasts, which significantly im-
proves the contrast for MI without the need of an exogenous 
Gd‐based contrast agent.

Myocardial T1 mapping by MOLLI and its variants has 
proven to be a powerful method of evaluating diseased 
hearts in the absence of exogenous contrast media.45,46 
Nevertheless, there have been well‐known inconsistencies 
in the measured T1 values between those methods and the 
gold‐standard measurements (e.g., conventional inversion 
recovery spin‐echo methods).44 Furthermore, MOLLI has 
been widely known to underestimate T1 in in vivo studies 
relative to SASHA,47 SAPPHIRE,48 or STONE,49,50 which 
are believed to be more accurate methods.51 The biases in 
MOLLI‐like methods are partially attributed to the mag-
netization transfer effect that can occur by direct chemical 
exchange or indirect dipole‐medicated cross‐relaxation in 
the myocardium.52

In the present study, we demonstrate that MT‐induced 
biases can be harnessed to improve the contrast in MI 

imaging via application of long off‐resonance MT‐prep 
pulses. We have shown that the proposed HYTOM affords 
better CNR than MOLLI, even though its CNR is still lower 
than that of LGE (Figure 5). Because MOLLI and HYTOM 
have approximately the same total scan time, it follows that 
HYTOM also has higher CNR efficiency (i.e., CNR per 
unit time) than MOLLI. We note that the MOLLI T1 differ-
ence between infarct and remote zones in the present study 
is larger than that reported by Messroghli et al.13 This is 
likely because the infarct ROIs were defined differently. In 
Messroghli et al.13 the ROIs were defined on delayed‐en-
hancement images and then copied onto native T1 maps, 
whereas in the present study a cardiologist defined ROIs 
directly on native T1 maps. It is well‐known that LGE has 
a higher sensitivity for detecting infarcts than MOLLI at 
1.5T and therefore estimates larger infarct–lesion volumes. 
As a result, the average native T1 values across a larger vol-
ume defined on LGE images is smaller, and therefore the 
T1 difference is smaller. As mentioned earlier, in addition 
to off‐resonance preparation pulses, MT effects can also 
be exploited by modulating the on‐resonance bSSFP exci-
tation pulses.27,28 It follows that MI contrast could, in the-
ory, be further improved by optimizing both off‐resonance 
preparation pulses and on‐resonance readout pulses. On the 
other hand, several studies have demonstrated that native 
T1 mapping at 3T provides significantly greater sensitivity 
for MI over native T1 mapping at 1.5T14,15 because of the 
T1 elongations at 3T.53 Similarly, the proposed HYTOM 
method, with a hybrid native T1 and MT contrast, also ben-
efits from higher fields. The MT effect also increases with 
increasing field strength,54 which could further contribute 
to myocardium‐to‐scar contrast in HYTOM. Future work is 
needed to identify the optimal pulse sequence parameters 
for the proposed HYTOM method and investigate its per-
formance at a higher field.

It is worth noting that MT‐induced bias in native T1 map-
ping positively correlates to off‐resonance MT‐prep time 
(Supporting Information Figure S3). In this respect, a lon-
ger MT‐prep time should result in better myocardium‐to‐scar 
contrast. In practice, direct saturation of the free water pool 
by MT preparation pulses is inevitable, and significantly re-
duces the SNR at longer preparation time. This explains the 
increased variance in the estimated apparent T1 (Supporting 
Information Figure S3). Besides SNR, the additional specific 
absorption rate (SAR) caused by MT pulses also limits the 
extent of contrast that can be achieved via HYTOM, particu-
larly at high field strengths.

Myocardial infarction and subsequent infarct healing are 
complex and heterogeneous processes, which involve disrup-
tion of myofibrils, inflammatory cell infiltration, interstitial 
edema, production of collagen by fibroblasts, and eventually 
scar formation.55,56 Even though many studies have demon-
strated the decreased MT effects in both acute and chronic MI 

F I G U R E  5  A, Apparent T1 values of normal and infarcted 
tissues (N = 7) as estimated by MOLLI (left pair) and HYTOM (right 
pair). B, CNRs in MOLLI, HYTOM, and LGE as defined by Equations 
6–8. **P < 0.01 and ***P < 0.001 as measured by a paired‐sample 
t‐test
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tissues,22,23,27,28,37 the specific tissue changes that resulted in 
the observed decrease remain to be determined. It is interesting 
that even though the loss of myocytes and increased ECV in 
infarcted tissues are consistent with the decrease in MT, the ex-
tensive collagen depositions seems counter intuitive. However, 
it is worthwhile to note that, besides macromolecular contents 
in the myocardium, the MT effects directly depend on the cou-
pling between Hf (i.e., free water pool protons) and Hr (i.e., 
restricted water pool protons), which reflects changes in the 
macromolecular surface chemistry or surface dynamics.57 As 
pointed out by Scholz et al.22 the observed decrease in MT in 
chronic MI tissues may suggest that membrane, structural, and 
contractile proteins of the normal myocardium provide more 
suitable surface chemistry for magnetization transfer (i.e., the 
Hf–Hr coupling). Further work is still needed to tease out the 
detailed molecular mechanisms of magnetization transfer oc-
curring in infarcted tissues.

There are several limitations in the current study. First, the 
proposed HYTOM method was evaluated on a small sample 
size of subjects with different spatial coverages and resolu-
tions compared to LGE. Second, there are some differences in 
the hyper‐intensity regions between LGE and HYTOM (this 
limitation also exists with MOLLI). These inconsistencies 
are likely because of motion artifacts (e.g., lateral wall hyper‐
intensity region in Figure 4B), inflammation and/or edema 
(Figure 3 and Supporting Information Figure S4), and the 
inherent differences in contrast mechanisms. Nevertheless, it 
will be interesting to evaluate magnetization transfer contrast 
in HYTOM by quantifying the restricted pool fraction and 
exchange rate constant, which might provide new insights 
into the complex post‐infarction remodeling processes.

5 |  CONCLUSION

To conclude, the proposed HYTOM method simultaneously 
exploits native T1 and magnetization transfer in infarcted 
myocardial tissues and therefore offers an improved contrast 
for detection and characterization of MI without Gd‐based 
contrast agents. Further efforts will be focused on evaluating 
and optimizing HYTOM for longitudinal characterization of 
MI in animal models and patients.
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SUPPORTING INFORMATION

Additional supporting information may be found online in 
the Supporting Information section at the end of the article.

FIGURE S1 Phantom study was performed to investigate 
the effect of off‐resonance MT‐prep pulses on the measured 
apparent T1. A phantom with 9 vials of NiCl2‐doped agarose 
solutions (right), each with different agarose concentrations, 
and a tube of tap water (left) were imaged. Top row shows 
the measured T1 maps for MOLLI (left) and HYTOM (right) 
sequences. Bottom row shows the relaxation curves of tap 
water (purple arrow) and 2.3% agarose (red arrow head) as 
measured by MOLLI and HYTOM methods. Note the en-
hanced longitudinal relaxation rate of the agarose solution 
(18%), whereas that of the tap water hardly changes (0.6%)

FIGURE S2 MOLLI and HYTOM images for a represen-
tative healthy volunteer demonstraing the effect of MT‐prep 
pulses on the reconstrcuted T1‐weighted images and T1 maps. 
Inversion times of T1‐weighted images in MOLLI are 150, 
1138, 2134, 3896, 4792, 350, 1264, and 2219 ms; HYTOM: 
1274, 2247, 3187, 4138, 350, 1289, and 2240 ms
FIGURE S3 The measured apparent T1 as a function of the 
number of MT‐prep pulses (i.e., off‐resonance irradiation 
time) for a representative healthy volunteer (same as shown 
in Supporting Information Figure 2). The measured T1 de-
creases as the number of MT pulses increases. Note that the 
variance of apparent T1 also increases. This is because the 
MT‐preparation pulses reduce the signal, and lower SNR im-
ages lead to higher variance in T1 estimation
FIGURE S4 Comparison of LGE, MOLLI, HYTOM, and 
T2 mapping for a patient (top row) and a swine (bottom row)
TABLE S1 Simulation parameter values
TABLE S2 Features of patients in in vivo study
TABLE S3 Regional analysis of MOLLI and HYTOM in 
healthy volunteers
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