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Purpose: To develop a novel gadolinium-free model-based quantitative magneti-
zation transfer (QMT) technique to assess macromolecular changes associated with
myocardial fibrosis.

Methods: The proposed sequence consists of a two-dimensional breath-held dual
shot interleaved acquisition of five MT-weighted (MTw) spoiled gradient echo im-
ages, with variable MT flip angles (FAs) and off-resonance frequencies. A two-pool
exchange model and dictionary matching were used to quantify the pool size ratio
(PSR) and bound pool T2 relaxation (Tg). The signal model was developed and vali-
dated using 25 MTw images on a bovine serum albumin (BSA) phantom and in vivo
human thigh muscle. A protocol with five MTw images was optimized for single
breath-hold cardiac gMT imaging. The proposed sequence was tested in 10 healthy
subjects and 5 patients with myocardial fibrosis and compared to late gadolinium
enhancement (LGE).

Results: PSR values in the BSA phantom were within the confidence interval of
previously reported values (concentration 10% BSA = 5.9 + 0.1%, 15% BSA =
9.4 +0.2%). PSR and Tg in thigh muscle were also in agreement with literature (PSR =
10.9 + 0.3%, TZB = 6.4 + 0.4 us). In 10 healthy subjects, global left ventricular PSR
was 4.30 = 0.65%. In patients, PSR was reduced in areas associated with LGE
(remote: 4.68 + 0.70% vs. fibrotic: 3.12 + 0.78 %, n = 5, P < .002).

Conclusion: In vivo model-based gMT mapping of the heart was performed for the
first time, with promising results for non-contrast enhanced assessment of myocar-
dial fibrosis.
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1 | INTRODUCTION

The presence of scar following myocardial infarction has
been shown to have important prognostic implications for
patients with ischemic cardiomyopathy. Late gadolinium
enhancement (LGE) MRI is the gold standard’ for the as-
sessment of myocardial replacement fibrosis, targeting the
enlarged extracellular space with gadolinium-based con-
trast agents, so that an enhanced signal allows the localiza-
tion of fibrotic tissue.” LGE is a highly effective approach
for focal scar visualization and quantification; however,
LGE does not allow diffuse fibrosis quantification as it vi-
sualizes contrast differences between normal and diseased
myocardium. More recently, there has been an interest in
quantification of local and diffuse fibrosis using T1 map-
ping with® or without* gadolinium-based contrast agents
(GBCAs); yet, there remain questions about its sensitivity
and specificity.’ Also, the use of GBCAs may be associated
with an increased risk of nephrogenic systemic fibrosis in
patients with pre-existing renal dysfunction,6 and there
have been recent reports of long-term retention of some
GBCAs in the brain.” Therefore, the development of quan-
titative and gadolinium-free approaches for assessment of
myocardial fibrosis may be highly beneficial.

Magnetization transfer (MT) is an endogenous MR con-
trast that can be exploited to identify tissue with high macro-
molecular content. MT has been previously considered as a
gadolinium-free alternative to LGE,” showing to be sensitive
to an increase in collagen® and thus, with a potential for the
assessment of myocardial scar.” In part due to its increased
spin density and slow molecular motion, dephasing of the
transverse magnetization is very efficient within large mac-
romolecules, which typically translates into extremely short
T2 relaxation times, on the order of a few microseconds, thus,
making them impossible to detect by standard MRI tech-
niques. However, in a seminal study, Wolff and Balaban'’
observed a signal loss in the water peak of up to a 30% in the
kidney after off-resonance radiofrequency (RF) irradiation.
Such preparation selectively saturates the extremely short
T2 species of macromolecules while sparing the free-water
spins, because of the broader resonance spectrum of macro-
molecules. Thus, the observed signal loss is due to the mag-
netization transfer (or exchange) that occurs between water
spins bound to macromolecules and those that can move
more freely.

One approach to quantify the MT effect is to obtain a ratio
of the MT contrast change, by acquiring one image with MT
contrast and one without it. Previous studies have explored
the use of MT ratio (MTR) for gadolinium-free assessment
of chronic or acute myocardial fibrosis. In vivo studies have
shown reductions of the MT effects associated with both
1112 and over 10-mo old myocardial infarction (MI).13
A post-mortem study’ found correlation between increased

acute

MTR and fibrous tissue in histology, while some areas of
decreased MTR were associated with inflammatory gran-
ulocyte infiltration at a microscopic level. This shows that
MTR results can be complex to interpret without knowledge
of the dynamics of the free pool, as it can also be affected by
edema and inflammation.'* A quantitative approach to MT
that separately factors in the contributions of the free pool
and the bound pool, using an exchange signal model, is there-
fore highly desirable in the assessment of patients with acute,
subacute or chronic cardiac remodeling and without the need
for contrast injection.

In this study, we developed a cardiac model-based quan-
titative MT (qQMT) mapping approach that seeks to study the
contribution of the free pool and the bound pool in myocar-
dial scar. This is achieved by using off-resonance preparation
pulses and a two-pool exchange signal model to quantify the
myocardial pool size ratio (PSR) and bound pool T2 (Tg).
The PSR accounts for most of the signal but it relates to both
the free and the bound pools; however, in combination with
Tg (only bound pool), it may be possible to separately char-
acterize the role of the bound and free pools in the cardiac
remodeling process.

2 | METHODS

A sequence for contrast-free quantitative 2D myocardial scar
imaging is proposed, consisting of five MT-weighted (MTw)
spoiled gradient echo (SPGR) images, with variable MT
preparations (FA and off-resonance frequency), as shown in
Figure 1 and Table 1. To enable data acquisition in a single
breath-hold with an acquisition window of <140 ms to mini-
mize cardiac motion the five MT contrasts are acquired in
one dummy shot and two imaging shots (ie, in 15 heartbeats).
Novel model-based MT mapping (qMT) is performed using
a two-pool exchange signal model and dictionary matching
to quantify the PSR and bound pool T2. The signal model
was developed and first validated using 25 MTw images on
a bovine serum albumin (BSA) phantom and in vivo human
thigh muscle, which was considered the reference standard.
A protocol with only five MTw images was later designed
to allow for breath-held cardiac imaging, using an optimi-
zation algorithm to determine the sequence parameters (MT
FA and off-resonance frequency) that maximized the deter-
mination coefficient of the match (see Equation 4). The pro-
posed myocardial qMT was tested in 10 healthy subjects and
5 patients with myocardial fibrosis. The study was approved
by our local research ethics committee, and written informed
consent was obtained from all subjects. An overview of the
proposed framework is shown in Figure 2, including image
acquisition, reconstruction and post processing, dictionary
generation and matching, and image analysis. Each of these
steps is described hereafter.
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FIGURE 1 n” (eg, n =5) interleaved MT-weighted 2D slices in two shots (ie, each MT-weighted k-space

data set is acquired in two heartbeats), including a “dummy”’ shot made up of “n” heartbeats. A train of MT preparation pulse and an imaging

A, A scheme of the acquisition of

module are played out in every heartbeat. B, A scheme of the imaging module applied for each image on each shot, consisting of 30-40 profiles
(echo train length). C, A scheme of the acquisition of k-space in two shots (yellow/blue) with a centric profile, the center of k-space being sampled
on every shot. (D) A scheme of the MT preparation module, consisting of a train of 20 identical sinc-shaped pulses at a given AF offset frequency
and FA, with spoiler gradients played out during a brief pause period between each pulse

TABLE 1 Main sequence parameters
for the MT preparation and imaging MT Prep pulses SPGR Readout
modules MTwl AF offset 1.5 kHz Echo Train Length 36
MT flipangle/peak B1 540°/1.72uT  # Shots 2
MTw2  AF offset 4.0 kHz Bandwidth 500 Hz
MT flipangle/peak B1 360°/1.14 uT TE/TR 1.9/3.8 ms
MTw3  AF offset 0.9 kHz Resolution 2.0%x2.0mm?2
MT flipangle/peak B1 630°/2.01 uT Slice Thick. 8 mm
MTw4  AF offset 29 kHz FA 15°
MT flipangle/peak B1 450°/1.43 uT Accel. GRAPPA
MTw5  AF offset 2.1 kHz Accel. Factor 2
MT flipangle/peak B1 800°/2.54 uT
All Bandwidth 268 Hz
Length 20.48 ms
Repetitions 20
SPGR: spoiled gradient echo, AF: freq. offset.
2.1 | Signal model A>B. A steady-state solution to this set of coupled dif-

Let us consider a system where most spins have generally
free motion (pool: A) and are at thermal equilibrium with
a net magnetization M4, while a small fraction of them is
bound to macromolecules (pool: B) and have net magneti-
zation Mg. It has been shown that for such system, the mag-
netization exchange between both pools can be represented
by the so-called binary spin-bath model,” a specific case
of the Bloch-McConnell equations16 where the size of pool

ferential equations requires typically long RF preparation
(>few seconds); however, a transient approach using ex-
tended phase graphs (EPGs) simulation has been recently
proposed.17

The EPG framework analyses the system’s magnetiza-
tion response in terms of its configuration states,'® which
can be described as Fourier transforms (FTs) of the spatial
magnetization components. In this space, the net magneti-
zation dephasing caused by spatially variant gradients over
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an entire ensemble of spins within a volume V is uniquely
described by k, making computation much more efficient.
The interactions with RF pulses, gradients, and the effects
of relaxation and exchange are all represented by simple
matrix operators. The EPG-X method extends the classic
framework, to include a fourth configuration state,17 that is,
[F+,F_,ZA,ZB] T, where ZB is as a FT of the bound pool’s
longitudinal magnetization, Mg. The evolution of Z is cou-
pled to Z, via first order forward and backward exchange
rates: k, (or kf) and kp. Because the time scale of the decay
of transverse magnetization in the bound pool is very short
(<20 ps), it is assumed to decay instantaneously. For this
reason, only the exchange between longitudinal magneti-
zations is considered into the model. Another consequence
of this instantaneous decay is that for the bound pool, RF
excitation can be totally described as an instant saturation
of the longitudinal magnetization at a certain rate W, pro-
portional to RF power deposition, co%, and the bound pool’s
line absorption profile, g,

WQRrA)=rw,’gy (27A,T5) (1)

where A is the offset frequency of the irradiation. In the case
of a shaped RF pulse, Equation (1) can be generalized,19 in-
tegrating over time for the duration of the pulse so that a time
average of the saturation rate is obtained: —yy. The absorp-
tion profile g, depends on A with a super-Lorentzian form,

FIGURE 2 A diagram or data

flow chart of the present study is shown.
Acquired MR data are reconstructed with
GRAPPA, followed by low-rank-based
denoising and registration to align the
different MT-weighted images. A dictionary
is generated informed by literature free pool
relaxation rates, the MR sequence (read-
out) time stamps and other fundamental
sequence parameters (TR, TE, FA, number
of segments, etc.). After MR data and
dictionary entries are self-normalized, a
least-squares matching is performed (on

a pixel-wise basis) to obtain the qMT
parameter maps. Manual segmentation

of the left-ventricle (LV) is performed on
subjects for comparison and analysis

typical of partially ordered materials and semi-solids where
the dipolar Hamiltonian does not average to zero over time.
The width of the super-Lorentzian form is characterized by
the T2 of the bound pool, Tg, and can be obtained as*’:

2
2 L)

(300J2€—1)2

/ e .

8B (27Z'A,T§)= 2/7TT§ J msm@d@ (2)
0

To further simplify the calculation of W, the time-variant
amplitude of the RF pulse in Equation (1) can be approxi-
mated by a time-constant value using Ramani’s continuous
wave power-equivalent formula.”!

In our electrocardiograph (ECG)-triggered cardiac im-
plementation, each MT preparation pulse is simulated by the
RF transition operator T acting onto the longitudinal states
Z,=1Z,, Zg] as,

1 0

r= 0 e Werr

3

That is, the effect on the bound pool is modelled by the
average of the RF saturation rate —W times the length of
the RF pulse 75, while the longitudinal magnetization of
the free water pool is not disturbed. This assumption is based
on the use of low bandwidth sinc shaped MT pulses, high
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off-resonance frequencies (>900 Hz) and simulation data re-
ported in Supporting Information (Figure S1, which is avail-
able online).

After the transition operator, the evolution along the en-
tire length of the pulse (plus any waiting/pause time between
pulses) is governed by exchange and relaxation'”:

1
—— 0
|
F,= . 1 |Fa )
r,
1
I =it
Zn_ 1 1 Zl’l
ke ———k
f 8 B

Where F, = [F - F_] represents the free pool’s transverse con-
figuration states. A SPGR acquisition immediately follows the
train of MT preparation RF pulses, as also described in Ref.
17. Exchange and relaxation operators are applied again during
waiting time between heartbeats.

2.2 | MRI sequence
A number of n MT-weighted images are acquired with an
interleaved acquisition in 3 X n consecutive heartbeats (as
shown in Figure 1A, for n = 5) on a 1.5T scanner (Magnetom
Aera, Siemens Healthcare, Erlangen, Germany). During the
first » dummy heartbeats, MT preparation pulses are played
out without any imaging readout, to achieve a (pseudo)
steady state at the beginning the following 2 X n heartbeats,
when the dual shot image acquisition is performed. Each shot
is made up of two modules performed in one heartbeat: (1)
an MT preparation train of off-resonance RF pulses, and (2)
an SPGR imaging module that collects only half of the en-
tire k-space data. The interleaved acquisition aims at reduc-
ing (respiratory motion induced) mis-alignment between the
MT weighted images. The MT preparation module consists
of a train of 20 identical sinc-shaped RF pulses with a given
frequency offset and FA. The imaging module consists of
an SPGR sequence with Cartesian k-space sampling, centric
reordering, and twofold accelerated GRAPPA acquisition.22
In a BSA phantom and in vivo human thigh muscle the
sequence was applied with n = 25 different MT-weighted im-
ages. An acquisition protocol with n = 5 was used for cardiac
in vivo imaging, due to the time restriction imposed by the
subjects’ ability to hold their breath. Different combinations
of off-resonance frequencies and FAs were investigated for
the 5 MT pre-pulses and the combination that resembled best
the results obtained with 25 MT pre-pulses was used for all
subsequent experiments.

. . o o 5
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2.3 | Image reconstruction and post-
processing

The MTw images were reconstructed inline using the scan-
ner software (Syngo E11C, Siemens Healthcare, Erlangen,
Germany). In order to reduce noise, correct for motion mis-
alignment between images due to variable heart rate and
imperfect breath-holding, and generate a normalized input
for the dictionary matching, we performed three off-line
(MATLAB v. R2017b) post-processing steps:

1. Denoising: all MTw images were jointly denoised using
a multi-contrast patch-based low-rank denoising tech-
nique,23 which has been recently proposed to accelerate
quantitative mapping without significant loss in accuracy.

2. Registration: all MTw images are motion aligned using an
affine image registration plrocedure.24

3. Normalization: each (magnitude) MTw image is divided
by the pixel-wise overall mean signal value along the con-
trast (MTw) dimension.

2.4 | Dictionary matching
A dictionary of possible signal evolutions is created using the
model described before. Subject-specific ECG time stamps
are incorporated in the signal simulation to make the model
less sensitive to heart-rate variations.

Each entry in the dictionary is a vector of as many ele-
ments as MTw images. After computation, magnitude entries
are normalized by the mean of all its elements. The maxi-
mum size of a single dictionary (with three free parameters:
ky, Tf and PSR) was approximately 42k entries.

The vector difference between measured data and every
dictionary entry is computed, for every pixel, to compute the
parametric maps. The entry with highest determination coef-
ficient R* is matched,

2?:1 (m; £,
Z?=1 (mi - ’;1 )2

R=1- 5)

where m; is measured data point for the i-th MT weighting (for
a given pixel), f;is the corresponding i-th fitted value, m s the
mean of all MT weighted data points (for a given pixel), and n
is number of MTw acquisitions.

2.5 | Optimization and validation
in phantoms

First, a BSA phantom consisting of four samples of differ-
ent albumin concentrations (5%, 8%, 10% & 15%) was made
following the description by Koenig et al.”> The goal of this
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BSA study was to optimize a sequence with five MT weight-
ings for in vivo myocardial applications.

In summary, a reference protocol was implemented
comprising 25 images with 25 distinct MT weightings (at
fivedifferent frequency offsets log-spaced between 1 and
7.7 kHz and five different MT FAs linearly spaced between
360 and 800°) partly based on previous work by the au-
thors.”® Next, MT parameter maps were calculated based
on dictionary matching using all the acquired MT images
and (independently acquired) T1 and T2 maps. Then, PSR
and Tg values were calculated for all possible combinations
of five MT weightings and the best combination was cho-
sen based on maximizing the accuracy of the parameter
values and the coefficient of determination of the match.
A detailed protocol is presented in Supporting Information
(Text S2).

2.6 | Invivo validation in human
thigh muscle

In the second part of this study, a validation of the model in
vivo in human thigh muscle was performed in order to test
the sequence in a molecular environment closer to that of the
myocardium, that is, collagen and other proteins present in
human muscle, to obtain qMT parameters that could be used
to guide our target cardiac study. The 25-MTw protocol (as
described above) was acquired in a healthy subject and com-
pared to the prospective acquisition of the proposed 5-MTw
protocol. The parameter k; (k, = 4.2 Hz) was estimated from
the 25-MTw protocol selecting a muscle region of interest
(ROI) and using a dictionary with three degrees of freedom:
PSR (range = 0-15, step = 0.1, [%]), Tg (range = 5-20, step =
0.5, [us]) and kf (range = 1-5, step = 0.5, [Hz]). PSR and Tg
parameter maps were then created using a dictionary with
two degrees of freedom (k fixed to the obtained value): PSR
(range = 0-15, step = 0.1, [%]), Tf (range = 2-20, step = 2,
[us]). The parameters maps from the 5-MTw protocol were
obtained with the same parameter ranges, fixed inputs, and
degrees of freedom.

2.7 | Invivo cardiac imaging study: healthy
subjects and patients

Ten healthy subjects (age: 30 + 3 y, 7 female) and five pa-
tients with myocardial fibrosis (age: 62 + 10, all male) un-
derwent MRI with the 5-MTw protocol (prior to contrast
administration in patients). MT preparation pulse parameters
and imaging parameters are described in Table 1 and were
derived from the optimization described before.

Patients undergoing a clinically indicated cardiac MR
(CMR) at our institution were selected based on the likelihood

of having ischemic or non-ischemic myocardial scar (includ-
ing previous imaging findings, clinical history and age). The
only exclusion criterion was the presence of a pacemaker
(due to the associated likelihood of imaging artefacts). All
patients followed the standard cardiac MR (CMR) protocol
at our institution, including cine, T1 mapping, early gadolin-
ium enhancement (EGE) and LGE imaging, in addition to the
proposed sequence. T2 mapping was additionally performed
in two patients (P1 and P4). The characterization of the pa-
tients” heart disease/etiology in this study were obtained from
the CMR report, based on the entirety of the imaging findings
and additional information made available by the referring
clinician.

The proposed sequence was acquired in short axis, in
patients prior to contrast agent injection, with the following
relevant parameters: ECG-triggered acquisition with mid-
diastolic data acquisition of <140 ms, number of slices =
10-14, spatial resolution = 2 X 2 mm (interpolated to 1.4 X
1.4 mm), slice thickness = 8 mm, and scanning time approx-
imately 15 s per slice. In patients, phase sensitive inversion
recovery (PSIR) LGE acquisition was performed 12-15 min
after injection of Gadovist contrast agent for comparison
purposes. LGE imaging parameters included a balanced
steady-state free precession (bSSFP) sequence with TE/TR =
1.2/3.0, FA = 45°, short-axis stack, variable field of view,
in plane spatial resolution = 1.4 X 1.4 mm?, slice thickness
8 mm and number of slices = 10-14.

Parameter maps were created using a dictionary with one
degree of freedom: PSR (range = 0-15, step = 0.02, [%]).
Free pool relaxation rates were fixed to mean reported values
for healthy myocardium: T;‘ =53 ms,””*® and T;‘ =950 ms.”
Exchange rate k, was fixed to the value found for human thigh
muscle (Table 2). A fixed value of Tg was used in parameter
mapping (from human thigh muscle, Table 2) and a dictio-
nary of Tg (range = 2-20, step = 2, [us]) was used in ROI-
based calculations.

The 5-MTw protocol was repeated three separate times
over four mid-ventricular slices in one non-scar patient to as-
sess reproducibility of measurements.

2.8 | Statistics
Manual segmentation of the myocardium was performed
over one basal, one mid and one apical slices in healthy sub-
jects, using one of the denoised MTw images (MTw #3, A =
0.9kHz, FA =630°) to create a mask, following the American
Heart Association (AHA) 16-segment model.*® The mask
was then applied onto the parameter maps and measurements
of mean and SD were taken for each AHA segment and for
every subject.

Delineation of scar and remote ROIs in patients (in PSR
and LGE slices) was performed by two independent readers



LOPEZ FT A Magnetic Resonance in Medicine—
- (one blinded to LGE) with experience in CMR. A third ex-
E g g =2 x 2 perienced reader provided qualitative assessment and ad-
vice. PSR mean and SD values per ROI were measured for
each patient and averaged between readers. Total ROI areas
e e were also recorded and percentage area differences (Aarea)
- Q o ;' lj;l between corresponding LGE and PSR slices are reported.
o | w = @ < = s Co-registration of PSR and LGE slices was done manually/
§ - visually since the number of slices and the field of view did
E fl 2 not always coincide. MT/PSR and LGE images were ac-
2 ;5; g o = :;' quired with a delay of up to 20 min (due to contrast injection),
S "l i often causing patient mis-alignment, movement of arms, or
the need to increase the LGE’s field of view beyond the limits
" of the MT acquisition.
- . i C+>| PSR measurements in pectoral muscle ROIs within the
o % § < S 2 field of view (FOV) of every apical slice were obtained both
in healthy subjects and patients.
% s 3 Z
2l2 8 xo oo = 3 | RESULTS
=-R — o ™= S EN-T-
% 3.1 | Phantom and in vivo model validation
S 3| |
- — H oH @ Using the 25-MTw protocol, mean values of PSR for the
& I = 3 &8 BSA 15% and BSA 10% phantom vials were comparable
; with previous reports,Sl’32 at PSR =9.4 + 0.2% and PSR =
N . Z-: 5.9 + 0.7, respectively (Table 2). There was good agree-
5K S o % ment between PSR and 75 mean values measured with the
f 5 E" Z’ S o nj;l C;I E 25-MTw and the 5-MTw protocols, except for a small re-
R el s duction in the PSR value for the BSA 15% vial with the
% E 5-MTw acquisition (BSA15%: 25 pt =9.4 + 0.2% vs. 5 pt =
g S 9 i’) 8.0 + 1.5%). Tg values were similar for all vials and both
g - o H oH o2 protocols. Table 2 shows parameter measurements for all
= 2 =) O S o o =
é‘) 0 == & N phantom vials and protocols. For the 25-MTw protocol, k;
S e . : was almost constant across all samples, with a mean value
E = AR k;=3.0+ 1.2 Hz.
2 < |7 S H o+ f .
g 2|9 S = 2 ARV PSR and Tl; thigh muscle parameter maps generated
£ é’o with protocol 25-MTw and 5-MTw are shown in Figure 3A.
£ 5 Mean values of PSR (PSR = 10.9 + 0.3%), T (T% = 6.4
;54 *2 g é’ + 0.4 us) and k; (k, = 4.2 + 1.2 Hz) estimated from the
2 " " _ ;| # E 25-MTw protocol were found within the ggmge of previ-
E 0 $ R & % & - ously reported in vivo thigh muscle studies.”” No statistical
= = significance between mean PSR and Tf values was found
§ :m when comparing the 25-MTw and the 5-MTw protocols, as
% § é e § shown in Table 2.
& < ;E). ©® o :;l :l 2 PSR estimation was robust against the choice of MT FA
g RAla& © o S E (FA = 0-800°) and AF (0-7.7 kHz) with mean PSR = 10.9 +
g ; 0.1 [%] at 95% confidence interval (CI), median 11.1 [%] and
i . & range 10.0 to 11.4 [%], as shown in Figure 3B. The estimation
= % § § of Tg was found slightly more dependent on variation of MT
« § § E’ FA and AF, with mean Tg =6.5+ 0.2 [us] at 95% CI, median
= E § Tg g 6.0 [us] and range 4.0 to 8.0 [us].
> 225 S 2 a4 =9 The number of free and fixed parameters for the model-
< EEEEc BB gy _ . . .
= A ow based dictionary was determined based on simulations. The
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FIGURE 3 A, Comparison of PSR and Tg maps obtained in thigh muscle of a healthy subject using two qMT protocols with either 25 images

or 5 images (sagittal view). Good agreement is observed between the 25-MTw and 5-MTw measurements for both phantom and in vivo scans. B,

Assessment of robustness of estimation of PSR (left) and TE (right) against variation of FA (FA = 0-800°) and off-resonance frequency

(AF = 0-7.7 kHz) for 80 random SMTw combinations in a thigh muscle ROI. Box plots show median (red), interquartile range (blue) and full range

(black) statistics

Matched PSR % deviation from true value
1.3

T1A[s]

|y
(=)

0.9 0

40 45 T2A [ms] 55 60

Matched PSR % deviation from true value

6 8 T2B[us] 12 14

FIGURE 4 A (fixed) simulated signal vector (PSR = 4%, Tg =8.4us, k=4 Hz, T'I‘ = 1050 ms, T;‘ = 50 ms) is matched with a range of fixed
T /T3 combinations (7} =900 — 1300 ms, T =40— 60 ms), showing extremely low sensitivity (<3%) to changes in both 7! and ;. (B) The same
signal vector is matched with a range of kfng combinations, showing moderate sensitivity to 7%, while k; sensitivity is limited to k; < 4 Hz (here, the

true value)

sensitivity to free pool relaxation rates (T;‘, T;‘) of the pro-
posed sequence is shown in a simulated matching experiment
in Figure 4A, where a (fixed) typical myocardial signal vec-
tor (PSR = 4%, T5 = 8.4 us, k; = 4 Hz, T} = 1050 ms, T} =
50 ms) was matched with a range of fixed Ti‘ / Tg combinations

(T} =900—1300 ms, Tj =40—60 ms), resulting in a PSR
match error under 4% for the entire range of combinations.
The same myocardial signal vector was also matched with a
range of fixed Tg /k; combinations, as shown in Figure 4B.
The error in PSR match was up to ~12% for +1 us error in
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Tf. On the contrary, the error in PSR match was below 5% for
any k, values similar and above those found in muscle (eg,
ke = 4.9 Hz™).

3.2 | Cardiac study: healthy subjects

Mapping of myocardial T‘; showed large and non-smooth
spatial variation, at times outside the expected range for mus-
cle, 5-15 us.'>** However, matching the average signal of
a mid-septum myocardial ROI resulted in Tg =6.6+1.3us
(n = 10), which is within the expected range and comparable
to other muscle tissue, for example, thigh muscle (see above).
For this reason, PSR parameter maps were calculated with a
fixed Tg (and k) using the values that were validated in thigh
muscle (see above).

Denoised images showed an average difference of 1.2% in
the mean value of the signal in a mid-ventricular septal ROI
compared with original (non-denoised) images. The regular-
ization parameter (c) was set at c =4 - 1073 to obtain the best
compromise between accuracy and precision (see Supporting
Information Figure S3A). This resulted in an average dif-
ference in the estimation of PSR of 0.6 [PSR %] while the
SD was reduced from 2.6 to 0.4 [PSR %] in the same ROI
(see Supporting Information, Figure S3B-E). All images
presented hereon were denoised following the procedure de-
scribed earlier and all parameter measurements presented are
derived from denoised images.
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In healthy subjects, global left ventricular PSR was 4.30 +
0.65%. Average intra-segment PSR SD was 0.65 [%] and
inter-segment SD was 0.54 [%]. Average pectoral muscle
PSR was 6.92 + 0.21% (Table 3). PSR maps generally had
spatially uniform appearance with a small tendency of re-
duced PSR toward anterior and antero-septal regions. One
basal slice and one apical slice are shown for two representa-
tive healthy subjects in Figure 5. A myocardial segment bull’s
eye plot of PSR mean values and SD (respectively) averaged
across all subjects is also shown in Figure SE,F.

In the reproducibility experiment, the SD of mean PSR
from mid-ventricular septum over all measurements (n = 12)
was 0.33 [PSR %], a deviation of 5.4% from the mean value.

Eight out of 10 healthy subjects had stable heart rate
under 62 bpm. Two healthy subjects had stable heart rate
between 71 and 82 bpm. The PSR maps of the latter did not
show a statistically significant difference from the global (all-
subjects) average.

Whole body specific absorption rate (SAR) estimation
was below 0.15 W/kg or 10% of the normal controlled stan-
dard in all volunteers.

3.3 | Cardiac study: patients

Four patients (P1-P4) showed myocardial enhancement on
LGE images, with findings indicative of previous myocardial
infarction. One patient, PS5, showed a focal area of epicardial

TABLE 3 PSR measurements in pectoral muscle and myocardium (core scar and remote) ROIs in patients and remote myocardium in healthy

subjects
Slice# Gender Age Remote PSR [%]
Healthy subjects,
n=10
Mean 30+£3 430+0.65
Patients Group A
P1 1 M 65 4.84 +0.15
2 4.03 +0.92
3 3.44 +0.71
P2 1 M 64 4.75 +0.30
2 493 +0.45
P3 1 M 59 5.85 +£0.59
Mean group A 63+3 4.64 +0.82%
Patients Group B
P4 1 M 48 491 +0.22
P5 1 M 75 4.72 +0.81

Mean all patients 62 +10 4.68 +0.70*

LGE vs. PSR scar area difference (Aarea) also shown in patients.
*P < .002.

Core scar LGE/PSR Pectoral muscle

PSR [%] Aarea [%] PSR [%] Scar transmurality
6.92 +0.21

2.78 +0.16 11.61 +0.79 6.52 + 0.66 Near transmural

1.78 + 0.07 6.74 + 1.16

2.66 + 0.09 10.41 + 1.09

3.19 +0.17 45.65 + 4.57 6.88 +0.16 75% subendocardial

3.13+0.12 19.20 + 15.56

3.93 + 0.09 41.17 +5.75 7.08 +0.07 Transmural

291 +0.71% 2247 +16.78  6.83 +0.28

3.11 £ 0.69 12.70 + 6.83 5.18 £0.09 50-75%

subendocardial
4.35 +0.56 39.82 + 1.97 7.45 +0.31 Focal area
312 +£0.78*  23.41 +16.0 6.62 + 0.87



LOPEZ ET AL.

10 . . o o
—I—Magnetlc Resonance in Medicine

FIGURE 5

PSR (mean) [%]

PSR (precision) [%]

A,B, PSR map and one of the corresponding MTw images (A = 0.9 kHz, FA = 630°) of a myocardial (short-axis) basal slice

of healthy subject (H1, female, 28 years). C,D, PSR map and one of the corresponding MTw images (A = 0.9 kHz, FA = 630°) of a myocardial
(short-axis) apical slice of healthy subject (H2, female, 37 y). Some areas of skeletal muscle used for measurements are shown (black arrows). E,F,

Mean and SD of PSR across the myocardium, respectively, averaged across all healthy subjects (n = 10), measured using manual segmentation

based on the American Heart Association model.”’

to mid-wall myocardial enhancement consistent with a non-
ischemic scar distribution, possibly due to prior myocarditis.

P1 showed evidence of lipomatous metaplasia in the lat-
eral wall and previous transmural myocardial infarction of
the inferolateral wall (left circumflex coronary artery ter-
ritory) of unknown age (Figure 6, P1); however, T2 maps
demonstrated non-elevated myocardial T2 values within the
region of scar (infarct ROI: T2 = 48.6 + 4.3, remote T2 =
49.2 + 2.7), suggesting that the infarct is not acute/subacute.

P2 showed evidence of transmural myocardial infarc-
tion in the right coronary artery (RCA) territory on LGE
(Figure 6, P2) and stress-induced perfusion abnormali-
ties with preserved viability in the left anterior descend-
ing (LAD) territory (not shown in Figure). Also, the early
phase (ie, EGE) showed evidence of microvascular ob-
struction (MVO) in the inferior wall. P2 had had coronary
artery bypass grafting (CABG) with saphenous vein graft
to RCA approximately 8 years earlier. T2 weighted images
were not available.

P3 showed evidence of previous transmural myocardial
infarction in the LAD (Figure 6, P3, far left) and localized

Overall mean left ventricle PSR was 4.30 + 0.65 %, see black arrow in (E)

MVO at basal anterior septum in the early phase (Figure 6,
P3, far right). T2 weighted images were not available.

P4 had a subacute presentation with a near transmural in-
farct in the territory of the first diagonal (D1) coronary artery
with corresponding signal increase in T2 maps (infarct ROI:
T2 =59.6 + 3.4, remote T2 = 46.2 + 2.3), on a background
of a prior chronic infarct in the LAD territory.

P5 showed evidence of a non-ischemic distribution of
LGE (mid-wall, septal) in a patient with sarcoidosis. T2
weighted images were not available.

ROIs likely to correspond with scar in PSR maps were
identified by both readers in three patients (P1-P3) and ROIs
drawn by the blinded reader are shown in Figure 6. One
reader also identified ROIs likely to correspond with scar in
patients P4 and P5, shown in Figure 7. Small areas of slightly
reduced or increased PSR were also observed, which did not
correlate with LGE.

PSR measurements and LGE/PSR area differences for
each patient are reported in Table 3. All patients showed
reduced PSR in myocardial regions likely to be scar tis-
sue that corresponded with location and extent of LGE



LOPEZ ET AL.

. . o o 11
Magnetic Resonance in MedlcmeJ—

FIGURE 6 The left and left-middle columns show LGE and PSR co-registered short-axis slices for each patient, the middle right column
represents a zoomed PSR frame centered in the left ventricle and the far right column represents additional imaging related to inflammation or

MVO. Upper row, Patient P1 mid-ventricle slice with near transmural LGE enhancement (yellow dashed line) of the inferior and lateral walls and

normal T2 (far right). Middle Row, Patient P2 basal slice with subendocardial LGE enhancement (yellow dashed line) in the basal infero-septal,

inferior and infero-lateral segments. MVO observed in (two-chamber view) EGE, far right. Bottom row, Patient P3 mid-ventricular slice with

transmural LGE enhancement in mid-distal anterior and anterior septal segments, local micro-vascular obstruction observed in EGE (three-chamber

view, far right). All patients present clear reduction in PSR values in correlation with LGE

enhancement. Average remote myocardium PSR in patients
P1-P3 was 4.64 + 0.82% and average core scar PSR was
291 + 0.35% (P < .002), giving an average difference of
1.7% PSR. Similar results were found when including all
patients P1-P5 (4.68 + 0.70% vs. 3.12 = 0.78%, for remote
and core scar, respectively). Average LGE/PSR scar area
difference in patients P1-P3 was 22.47 + 16.78% (range
6.74 to 45.65%), while values for P4-P5 fell within a simi-
lar range (12.7%-39.8%).

Average pectoral muscle PSR in all patients was similar to
the same measurement in healthy subjects (6.62 + 0.87% vs.
6.92 + 0.21%, p = NS).

4 | DISCUSSION

Parameter maps of PSR and Tg for BSA phantom and human
thigh muscle yielded accurate estimations, in agreement

with previous studies. The proposed 5-MTw myocardial ap-
proach showed good agreement with the 25-MTw protocol
for the estimation of PSR, thus, making it feasible to acquire
a quantitative 2D myocardial PSR map in vivo, in a single
breath-hold.

PSR values obtained from multiple measurements within
a single subject were reproducible and heart rate differences
among healthy subjects did not appear to affect the PSR maps.
To the best of our knowledge, this is the first time model-based
quantitative MT mapping has been performed in the human
heart. Furthermore, the PSR variations among healthy subjects
(ie, 0.65% PSR) were less than half the average difference be-
tween core scar and remote measurements in patients (ie, 1.7%
PSR), which showed that the precision for measuring remote
myocardium in vivo with the proposed sequence may be suffi-
cient for identifying at least some types of fibrosis.

In our cardiac study, ROIs were identified by two read-
ers in patients with strong likelihood of having ischemic scar
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FIGURE 7 Far left and left-middle columns show LGE and PSR co-registered short-axis slices for each patient, the right middle column

represents a zoomed PSR frame centered in the left ventricle and the far right column represents additional imaging related to inflammation.

Upper row, Patient P4 with subendocardial LGE enhancement (yellow dashed line) in mid antero-septal, anterior, and infero-septal segments. T2

values were increased in ROI associated with LGE enhancement (T2 map, short-axis slice, far right). Bottom row, Patient P5 basal slice with mid-

myocardial focal LGE enhancement in anterior and inferior segments (yellow dashed line). Both patients present moderate reduction in PSR values

in correlation with LGE

(P1-P3). On the contrary, in patients with a likelihood of recent
infarction or non-ischemic scar (P4-P5), ROIs were identified
by only one of the readers (not blinded to LGE). Despite mod-
erate dispersion or heterogeneity of the signal in the myocar-
dium in all subjects, the findings showed evidence of reduced
MT saturation effects in infarct areas in all patients. It is possi-
ble that some of the PSR differences (within the infarcted myo-
cardium) in P1 versus P2-P4 can be explained by chronicity,
since the evidence of MVO (in P2 and P3) or increased T2 (in
P4) is suggestive of at least subacute presentation. However,
additional studies may be needed to determine all the physical/
physiological factors driving the imaging contrast.

Our results did not show evidence of an increase of the
bound pool in the presence of replacement fibrosis/colla-
gen, that is, in the chronic MI patients. On the contrary, a
reduction of the MT effects was observed, which is consis-
tent with findings in chronic myocardial infarction in rats by
Scholz et al,* findings of fibrosis in end-stage renal disease
(ESRD) patients by Stromp et al,* and reports from Duan
et al”® in 15-mo (average) post MI patients using a hybrid
T1/MT —weighted sequence. The proposed sequence may
present advantages over Duan et al and Stromp et al in terms
of quantification of the bound pool and potential specificity
to fibrosis, since the cited approaches rely on combining the
MT contrast with T1 and/or T2 weighting.

The observed reduction of the MT effects may be due to car-
diac remodeling factors, other than collagen deposition, having

a more substantial effect in the MT signal, such as necrosis
and the associated loss of mitochondrial protein content,”’ or
an increase in water mobility within collagenous scar.*® Other
tissue characterization techniques based on the excitation of the
bound pool, such as T1p, have found similar results in chronic
MI, with reported increased relaxation times in 8-wk old scar in
swine®® and diffuse myocardial fibrosis in patients.39

One of the main challenges of a cardiac MRI study is to
find the right compromise between spatial resolution, signal-
to-noise ratio (SNR) and motion. In this study, we decided
to minimize the cardiac motion by keeping the acquisition
window relatively short (<140 ms), thereby resulting in a
dual shot sequence (each MT weighted image is acquired in
two heartbeats) with five MT weightings with an acceptable
breath-hold duration of 15 consecutive heartbeats, which
was tolerated by most patients. However, other sources of
patient motion during the acquisition and/or errors in the
co-registration of the MT weighted images may have been
associated with areas of slightly increased or reduced PSR,
which did not correlate with LGE findings in patients. Also,
a low SNR may have hindered pixel-wise estimation of T‘g
in the myocardium, given that the weight of Tg effects on
the signal is far more subtle than the weight of PSR. This is
supported by the fact that ROI-based estimation, with intrin-
sically higher SNR, gave results within the expected range.
This led us to choose a fixed value for Tf to estimate PSR in
the myocardium. It is to note, however, that giving a fixed
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(non-myocardium) value to Tf may have introduced a bias in
the PSR measurements, as shown in our simulations. Further
studies are needed to enable reproducible mapping of Tg in
the myocardium. Specifically, since the estimation of T’; in
our thigh muscle model was also found to depend moderately
on variations of MT FA and AF.

It is possible that Tg maps of the heart may be obtained
by reducing the weight of noise and motion artefacts in the
fitting. This may be approached in two different ways: increas-
ing the number of images (weightings) and/or significantly
increasing the SNR. The SPGR readout that was used in this
study is relatively robust against BO and B1 inhomogeneity at
1.5 T and was, therefore, our choice to avoid bias in parameter
fitting; however, the TR is long and was not practical to pursue
a single shot acquisition that would have allowed more MT
weightings within a single breath-hold, as it would have led to
an acquisition window of ~280 ms. Lower spatial resolution or
high acceleration factors may enable single shot qMT mapping
and are subject to future investigations. Alternatively, a 3D ap-
proach with short acquisition window and the proposed 5 MT
weightings may be feasible in a short scan time,* providing a
significant increase in SNR that may enable the estimation of
PSR and Tg; however, respiratory motion during a free-breath-
ing acquisition would need to be carefully addressed.

Other limitations of this study may be the use of fixed
Ti‘ and T; rates measured with techniques that do not model
the effects of two pools (eg, MOLLI or T2-prep bSSFP).
However, simulations showed that the maximum error in-
troduced into the calculation of PSR due to this effect is
likely to be less than 3%. Similarly, simulations showed
that B1 variations affect matched PSR values at a pro-
portional rate of close to 2:1 (see Supporting Information
Figure S4). Moreover, Chow et al has reported40 B1 devia-
tions of up to 20-30% across the chest (including the lungs)
but only smooth variations of approximately 5-10% across
left ventricle ROIs at 1.5 T. Thus, B1 inhomogeneity could
potentially generate inaccurate or biased PSR values, how-
ever, it is unlikely to explain or correlate with the observed
regional variations of PSR (associated with scar) in post
MI patients.

Regarding the patient study, the relatively large age dif-
ference between healthy subjects and patients constitutes
another limitation, as well as the small size of the patient
cohort. In terms of accuracy necessary to identify clinical
fibrosis, a larger number of clinically well-defined patients
with infarcts of defined chronicity may be needed to establish
a “true” PSR value for infarcted myocardium. Furthermore,
other factors that may affect the MT effects should be also
taken into account when assessing diseased myocardium,
such as large increases in pH, which have been shown to af-
fect the MT exchange rate.*!
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5 | CONCLUSIONS
We have demonstrated that human myocardial gMT map-
ping is feasible and can be done with a 15 heartbeat qMT
imaging protocol in a single breath-hold. Furthermore, PSR
variations among healthy subjects (ie, 0.65% PSR) were less
than 50% the average PSR difference between core scar and
remote myocardium in patients (ie, 1.7% PSR). Thus, the re-
sults showed that the precision for measuring PSR in remote
myocardium in vivo with the proposed sequence may be suf-
ficient for identifying focal fibrosis.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in
the Supporting Information section.

FIGURE S1 Comparison of comparison of EPGX-MT vs
MAMT models for using flip angles 360°, 540° and 720° as
a function of frequency offset Af. Small discrepancies be-
tween the methods increase at lower frequencies and higher
flip angles

TEXT S2 Algorithm for optimization and validation in
phantoms

FIGURE S3 Optimization of image de-noising and impact
on PSR estimation. (A) Left axis shows the difference be-
tween the mean values of original and denoised images

(“A mean” line) for a myocardial ROI with varying regular-
ization level o, while the right axis shows the ratio between
the mean value and standard deviation of the same ROI for
each regularized image. (B-C) Example mid-ventricular slice
showing an original (non-denoised) MT weighted image
and the obtained PSR parameter map, respectively. (D-E)
Denoised MT weighted image and its respective PSR param-
eter map, at optimal regularization level 6 = 4e-4

FIGURE S4 Simulated PSR matches (blue line) showing
“PSR deviation” from the true value as a function of “Bl
deviation” or inhomogeneity for a 5S-MTw protocol. The rela-
tionship between B1 and PSR deviation appears proportional
approximately 2:1, as reflected by the best fit line (red) with
equation “y = 0.42*x 4+ 0.55”
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