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Abstract

Purpose: To implement a navigator-gated free-breathing 2D radial joint T;-T,
mapping technique for the myocardium at 3T, and to characterize the impact of
the navigator rejection on the precision and accuracy of the T; and T, maps.
Methods: The proposed technique, named PARMANav (for PArametric Radial
Mapping with Navigator gating), collects 25 lung-liver navigator-gated elec-
trocardiogram (ECG)-triggered single-shot radial gradient-recalled echo (GRE)
images with five magnetization preparations. Source images were reconstructed
using compressed sensing. Extended-phase-graph simulations were used to gen-
erate an acquisition-specific joint T;-T, dictionary. The impact of the number
of rejected navigators on the relaxation times was assessed in numerical simu-
lations. The influence of the navigator acceptance window width (NAWW) and
heart rate on the relaxation times was assessed in phantom studies, 10 healthy
volunteers, and 3 patients. The relaxation times were compared to routine T
and T, mapping values.

Results: The numerical simulations showed negligible dependence on the num-
ber of rejected navigators (<6% T;-T, variation). In the phantom, PARMANav
T,-T, values were stable across heart rates: the T;-T, coefficient of varia-
tion (CoV) was <3%. As expected from literature, in-vivo PARMANav T;-T,
values were higher than routine values (T; =1331+ 53 ms, T, =46.1 +2.5ms
vs. T; =1095+ 81 ms, T, =38.7+2.9ms, p<0.001), while the PARMANav T,
CoV was significantly reduced. No myocardial T;-T, values or CoV trend was
observed for the different NAWW. Feasibility in patients was demonstrated,
where high-quality maps were obtained.

Conclusion: PARMANav allows for precise and accurate joint T;-T, map-
ping without requiring breath holding. Through-plane motion artifacts were
avoided with a navigator that did not impact the accuracy or precision of the
resulting maps.
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1 | INTRODUCTION

The T; and T, relaxation times of the myocardium
strongly correlate with myocardial fibrosis and edema,
respectively.! Over the past decade, multiparametric
mapping techniques such as MR fingerprinting,>> MR
multitasking* and mSASHA® have emerged as promis-
ing techniques for quantitative tissue characterization of
the myocardium.®” Multiparametric mapping has shown
great performance in overcoming several limitations of
conventional T; and T, mapping techniques, such as the
need for multiple breath holds and the presence of con-
founding factors (e.g., B; inhomogeneities, magnetization
transfer, or the influence of T; and T, relaxation on each
other). This has resulted in improved accuracy, repeatabil-
ity, and robustness in the assessment of myocardial tissue
characteristics.® The first clinical studies have now shown
the feasibility and efficiency of these techniques in patients
with ischemic and nonischemic cardiomyopathy.®-!!

Most of these multiparametric mapping techniques
rely on varying the magnetization with different prepa-
ration modules in order to induce a unique signal time
course that depends on underlying relaxation parameters
of interest. The acquired data are fitted pixel-by-pixel with
an analytical equation,'?"'* or, more recently, matched
with an entry of a dictionary of simulated time courses.
The latter has the advantage that imperfections of the
technique can also be easily modeled in the simulated
time courses’® and has already been demonstrated to
results in improved consistency of the myocardial T; val-
ues compared to analytical fitting.!®!” The acquired data
can be either gridded or reconstructed using compressed
sensing (CS).!® Model-based reconstruction!® can also be
used for multiparametric mapping, by using physics-based
property of the magnetization as a prior in the CS
reconstruction.

These methods have previously been developed for
breath-held 2D? and 3D'® and free-breathing 3D joint
T;-T, mapping of the myocardium at 1.5 and 3T. Indeed,
myocardial mapping methods tend to be breath-held
acquisitions. These sequences are therefore susceptible to
motion artifacts due to imperfect breath holds, especially
in protocols that require repeated breath holds, which
also makes them unsuitable for patients with dyspnea.
To enable free-breathing acquisitions, self-navigation?!??
or image navigators can be used for 3D imaging, while
a lung-liver navigator?>?® can be added to track the
diaphragm position and limit through-plane motion for 2D
imaging. Free-breathing methods based on slice-tracking
performed with a lung-liver navigator®> or based on a
pilot tone pre-scan®® were also applied for cardiac T,
mapping. Retrospective motion correction can address
in-plane motion; however, without the use of a navigator,

it cannot account for through-plane motion.?’” This may
be critical in case of focal disease, where through-plane
motion risks causing apparent elevated values in healthy
tissues or apparent normal values in a lesion.

Lyu et al.?® recently proposed a free-breathing Carte-
sian technique for simultaneous native T; and T, myocar-
dial mapping at 3T, using a lung-liver navigator. In their
approach, the navigator is used for slice tracking, and not
for gating. Prospective respiratory motion correction is
thus performed by adjusting the imaging plane in real-time
as a function of the position of the lung-liver interface,
resulting in a 100% navigator efficiency. Our proposed
technique instead uses both tracking and gating, which
reduces the efficiency but also reduces the through-plane
motion on the image due to imperfect slice tracking.
Indeed, respiratory motion tracking relies on an experi-
mentally determined tracking factor that links the motion
of the diaphragm and the heart.?® This scaling or tracking
factor has been shown to be an imperfect approximation,
as it assumes a linear correlation with the position of the
diaphragm and varies across patients, except in the case
of small acceptance windows.>* However, navigator-gated
multiparametric mapping raises new challenges, since the
navigator rejection significantly influences the magneti-
zation evolution. Consequently, the influence of param-
eters such as the navigator acceptance window width
(NAWW) on the which relaxation time accuracy and pre-
cision should be thoroughly examined.

The goal of this study was therefore to develop, opti-
mize, and validate a navigator-gated free-breathing 2D
radial sequence for accurate and precise joint T;-T, map-
ping of the myocardium at 3T. The proposed method was
validated through numerical simulations, phantom stud-
ies, and tests on healthy volunteers. Its preliminary clin-
ical feasibility was also assessed in patients with cardiac
disease.

2 | METHODS

2.1 | PARMANav pulse sequence design

The proposed pulse sequence (named PARMANav for
PArametric Radial MApping with Navigator gating) col-
lects 25 navigator-gated free-breathing electrocardiogram
(ECG)-triggered  magnetization-prepared  single-shot
gradient-recalled echo (GRE) images. The single-shot 2D
GRE images are acquired as 45 radial lines with a con-
tinuous golden-angle trajectory,3! resulting in each image
being unsampled at 15% of the Nyquist rate. Five differ-
ent magnetization preparations were used to sensitize
the contrast to both T; and T, relaxation:?*3? an adia-
batic inversion pulse (a 5120 ms hyperbolic tangent), no
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preparation, and three different adiabatic T, preparation
(T,-prep) modules (TET, prep = 23/45/70 ms) (Figure 1A).
This set of five preparations was then repeated five times,
to introduce more contrast variations. The number of
repetitions was chosen heuristically.

Respiratory motion was tracked using a lung-liver
navigator?? before each preparation module (Figure 1C).
A NAWW between +4 and + 32 mm was chosen, and slice
tracking was activated.?” When the navigator position is
outside the acceptance window, neither the preparation
module nor the image acquisition are activated during that
heartbeat, which significantly impacts the magnetization
evolution and the corresponding simulated dictionary. If
the preparation modules were not deactivated during nav-
igator rejection, the exact timing of their execution would
be uncertain due to heart rate variability, potentially result-
ing in T;-T, inaccuracies.

All data were acquired on a 3T clinical scanner (Mag-
netom PrismaFit, Siemens Healthineers, Forchheim,
Germany) with matrix size=192 X192, pixel size=
(1.56 mm)?, flip angle=12°, bandwidth =789 Hz/pixel,
slice thickness=8 mm, TR=3.49ms, and TE=1.56 ms,
inversion time TI=68.28 ms (for the image directly after
the inversion), acquisition window duration=151ms.
For all acquisitions we used a 34-channel chest-spine coil
array, of which the 30 closest elements to the FOV were
used for our study.

2.2 | Image reconstruction
and dictionary generation

Images were reconstructed from the undersampled data
using CS with total variation regularization in the spa-
tial dimension and local low rank regularization along the
contrast dimension?®*:

% = argmin||[FCx — yII} + As||Vsxlly + 4c ) ILix]l, (1)

i>1

where X is the reconstructed image, F is the nonuniform
fast Fourier operator, C is the coil sensitivity, y refers to the
acquired k-space, Vj is the first-order difference operator
along the spatial dimension, L; is the operator that extracts
the i-th spatial patch of size 6 X6 X 6 pixels from x and
form a Casorati matrix with the contrast dimension, || - ||.
is the nuclear norm, and Ag and A. are the correspond-
ing regularization weights along the spatial and contrast
dimensions, respectively. After initial testing in multiple
datasets (not reported here), As and Ac were set to 0.03
and 0.06, respectively, as an optimum balance between
undersampling artifact removal and image blurring.
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An acquisition-specific dictionary of the evolution
of the magnetization was simulated for each acquisi-
tion using the extended phase graph (EPG)** formal-
ism for a range of T; (40:10:3000 ms) and T, (20:1:100;
102:2:230 ms) values in Matlab (R2021b, The Mathworks,
Natick, Massachusetts, U.S.A) (Figure 1E). The simulation
incorporates 50 isochromats to account for slice profile cor-
rection, as well as an inversion inefficiency correction.!>

Since the timing of the sequence is acquisition-specific
due to the variations in heart rates and accepted navi-
gators, it was extracted from the raw data and fed into
the simulation framework directly. Using the absolute
readouts timing extracted from the raw date along with
pre-defined parameters (e.g., T1, spoiler duration etc.), the
time course of an individual acquisition was established.
The magnetization was simulated at the center of each
echo, and the average signal of each radial single-shot
image was stored, resulting in a 25x 42161 (T, > T; cases
excluded) matrix of simulated complex signals that forms
the dictionary.

A model-based non-rigid image registration similar to
Bustin et al.3> was applied to account for residual in-plane
motion resulting from residual differences in the respi-
ratory and cardiac phase, together with the strong con-
trast variations in these images (Figure 1F). To handle
contrast variations in series of quantitative MRI images,
a pairwise approach is often employed, using a mutual
information metric. This metric is effective because it is
resilient to intensity change in the images, but the pair-
wise approach requires choosing a reference image, which
can significantly impact the result of the registration.3® In
the proposed approach, all the images are registered to
a corresponding synthetic image with the same contrast
and an averaged motion state. Briefly, after the gener-
ation of a dictionary as described above, a first map is
produced by pixel-wise dictionary matching (i.e., without
any motion correction). This dictionary matching was then
reversed to obtain synthetic images with the same con-
trast as the corresponding source images, but with the
same averaged motion state for all synthetic images. Next,
a non-rigid optical-flow-based motion correction’’ was
applied between the pairs of synthetic and source images
with the same contrast, ensuring alignment to an aver-
age motion state. Registered maps were then obtained by
repeating the pixel-wise dictionary matching on the reg-
istered images with a dot product. While the registration
process introduces some blurring in the final maps, this
approach significantly reduces the errors that would arise
from fitting models on non-aligned data.

The offline reconstruction and dictionary simulations
were performed using Matlab on a Linux workstation with
two 24-core central processing units (CPUs; Intel Xeon
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FIGURE 1
Pulse sequence diagram. The images are acquired during 25 heartbeats, using inversion pulses and three different T,-prep modules. (B)
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PArametric Radial Mapping with Navigator gating (PARMANav) pulse sequence, image reconstruction, and mapping. (A)

Magnetization evolution of the myocardium across five cardiac cycles. (C) Illustration of the placement of the navigator and image slice with

a trace of the navigator with the acceptance window as two parallel green lines. (D) Images from the first five cardiac cycles in a healthy

volunteer, reconstructed using compressed sensing. (E) Simulated signals of the dictionary across 25 heartbeats obtained using extended

phase graph (EPG) simulations. (F) Model-based motion correction between source and synthetic images obtained with the dictionary. The

final maps are obtained by computing the dot-product between the registered images and the dictionary d.
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Gold 6248R; Intel, Santa Clara, CA, USA), 1.5 TB of RAM;
an RTX A6000 GPU (Nvidia, Santa Clara, CA, USA) was
used in the computation of the non-uniform fast Fourier
transform. The CS reconstruction was performed in less
than 10 min, and the dictionary was simulated in approxi-
mately half an hour.

2.3 | Numerical simulations

A numerical simulation of the human torso was developed
to simulate the acquisition of PARMANav images, inspired
by previously described approaches.3¥*® The scan-specific
dictionary of any in-vivo PARMANav acquisition can be
used as input to obtain ideal undersampled k-space data
with a magnetization time course that corresponds to the
in-vivo acquisition timing.

To assess the influence of significant timing variability
due to navigator rejections, a dictionary was generated for
each of the mid-ventricular short-axis PARMANav acquisi-
tion timings of the ten healthy volunteers described below.
Published T; and T, values were used for the digital phan-
tom tissues (Table S1). This resulted in a simulated signal
at the center of each of the 25x45 (heartbeats x read-
out lines) =1125 readouts for each tissue type and timing.
This dictionary was then used to generate “ground truth”
images at each of the 1125 time points of the acquisition
timing. In each ground truth image, a single line of the
golden angle trajectory was sampled, resulting in a sim-
ulated undersampled k-space. To ensure a realistic noise
level, Gaussian noise was generated with an amplitude
based on the noise characterization pre-scan, collected
along the raw data of three healthy participants. Here,
the noise SD (Gnoise) Was determined from both the real
and imaginary noise components in all coil elements in
each participant’s pre-scan. This 6,se Was scaled rela-
tive to the maximum k-space intensity (kyax) of the PAR-
MANav image in that participant to obtain their ratio
R =0poise/Kmax- R Was averaged for the three participants.
The maximum k-space intensity of the numerical sim-
ulation was then multiplied by R to find opeise for the
simulation, and the corresponding noise was added to each
individual coil elements. This k-space, with and without
the Gaussian noise, was then subjected to the CS image
reconstruction described above, and pixel-wise dictionary
matching was performed as described earlier to generate
parametric maps. For each acquisition timing, the num-
ber of navigator rejections was extracted as the number of
skipped heartbeats.

The impact of the navigator rejection (i.e., skipped
heartbeats) was then characterized by calculating the dif-
ference between the resulting myocardial T; and T, values
and the input values as a measure of the accuracy. The

myocardial coefficient of variation (CoV, the ratio of the SD
and the mean value) was used to quantify the influence of
the skipped heartbeats on the precision.

2.4 | Phantom study

The “ISMRM/NIST”# phantom (Premium System 130,
CaliberMRI, Boulder, USA) was scanned to evaluate
the accuracy of PARMANav (with matrix size=192
x 192, pixel size=(1.56mm)?, slice thickness=_8mm,
TR=3.49ms, and TE=1.56ms) with simulated ECG
triggering. Clinical routine T; and T, maps (pixel
size=(1.4-1.9mm)?, slice thickness=8mm) were
acquired using 5(3)5 and 4(1)2(1)3 MOLLL* referred
to as MOLLI preGd and postGd, respectively, and
T,-prep balanced steady-state free precession (bSSFP) T,
mapping,?**? respectively. To establish the accuracy of
the technique, a linear regression was performed between
the resulting relaxation times and those obtained with the
gold-standard inversion-recovery spin-echo and spin-echo
techniques. This experiment was repeated for five different
simulated heart rates (40, 60, 80, 100, and 120 bpm), and
the T; and T, values were recorded across the simulated
heart rates.

2.5 | Healthy volunteer study

All human studies were approved by the local ethics
committee (CER-VD approval 2021-00697), and written
informed consent was given by all participants. In-vivo
experiments were performed in 10 healthy volunteers
(age=26.9 + 2.5years, 3 women). To study the impact of
the NAWW of the lung-liver navigator, a mid-ventricular
short-axis PARMANav was acquired with four differ-
ent NAWW (+4mm, +8 mm, +16mmm, and + 32 mm).
The volunteers were instructed to breathe normally. For
NAWW =+8 mm additional basal and apical short-axis
slices were acquired. Breath-held MOLLI pre and T,-prep
bSSFP were acquired in mid-ventricular short-axis as rou-
tine T; and T, mapping methods, respectively. Acquisition
times for the different NAWW were also reported.

2.6 | Preliminary patient study

PARMANav was acquired in three patients (age =59 + 3.6
years, three men) both in native contrast and post
gadolinium-based contrast-agent injection (approximately
10min after the injection of 0.2 mmol/kg bodyweight
gadobutrol, Gadovist, Bayer AG, Leverkusen, Germany).
In each patient, a basal, mid, and apical short-axis slices
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were acquired. The patients were a heart transplant recip-
ient at routine checkup with cardiac allograph vasculopa-
thy and an old coronary dissection, and two patients with
heart failure with preserved ejection fraction.

PARMANav-based extracellular volume fraction
(ECV) maps were obtained with the pre- and post-contrast
T, maps and were registered using the corresponding T,
maps with affine mutual-information motion correction.
ECV was calculated pixel-by-pixel,** where the T; value of
the blood was obtained by manually segmenting a region
of interest in the left-ventricular blood pool, and the hema-
tocrit value was obtained from routine laboratory blood
work performed at 9 a.m., 8 h: 25 min + 3 h: 04 min before
the MR scan, in a supine position after several minutes of
rest.*

2.7 | Statistics
In the numerical simulations, the coefficient of determi-
nation (R?) of the linear regression between the number
of skipped heartbeats and the T;-T, values and CoV was
used to check for any linear dependence between those
parameters.

The agreement between the measured and gold-
standard values in the phantom was assessed through both
the slope and R? of the linear regression. The CoV of the

PARMANav

(©) -
o
Jeo
_A

(D)
u ‘100
‘o

Ground truth

ko

(E)

2500

o

(F)

T, map

Difference with trueT, value (%) Difference with trueT, value (%)

FIGURE 2

£

2

IS

phantom compartment relaxation values over the different
heart rates was reported.

In the healthy volunteers, regions of interest were
manually segmented on the T;-T, maps in 16 segments
according to the American Heart Association (AHA)
model.* The mean value and CoV (as a measure of pre-
cision) of these segments and of the entire myocardium
were extracted for the four NAWWSs and the two rou-
tines methods. Their differences were tested with a
repeated-measures analysis of variance (ANOVA) with
post-hoc Tukey analysis. The segmental T;-T, means
and SDs across the healthy volunteers were reported in a
bullseye plot.

3 | RESULTS

3.1 | Numerical simulations

Highly precise maps that matched the ground-truth T,
and T, values of the digital phantom were obtained
for all NAWWs (Figures 2 and S1). The relative differ-
ence between the resulting myocardium T; value and
the input T; value remained below 1%. No strong trend
could be observed with the number of skipped heartbeat
(R?=0.01), even if the difference appears to be somewhat
reduced for the highest numbers of skipped heartbeats.

Number of skipped heart beats
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Maps of the numerical simulations and the influence of skipped heartbeats. (A, B) Input source T; and T, maps. (C, D)

Example resulting T, and T, maps after the simulated acquisition and reconstruction. (E, F) Difference between the myocardial T, and T,

values after the simulated acquisition and the input values as a function of the number of skipped heartbeats. The T, difference was very low

(less than 1%), and no clear trend was observed as the number of skipped heartbeats increases (R? =0.01). While the T, difference was on

average higher, there was only a ~ 4% T, variation over the entire range of heartbeats. (G, H) T; and T, CoV in the myocardium as a function

of the number of skipped heartbeats; there was negligible impact (R? = 0.18 for T; and R? =0.007 for T5).
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The T, value of the myocardium was matched with high
precision, and a similar correlation with the number
of skipped heartbeats was observed (R?=0.20). The T,
and T, CoV were independent of the number of skipped
heartbeat (R>=0.18 and R?=0.01, respectively). The
absence of noise did not have large impact on those results
(Figure S1).

3.2 | Phantom study

The PARMANav phantom measurement demonstrated
good concordance with the reference for both the T; and
T, relaxation times (Figure 3). The slope of the correlation
plot was closer to identity than routine techniques (1.072
vs. 0.76 and 0.83, for PARMANav and MOLLI pre and post
T, respectively, and 1.082 vs. 0.460 respectively for T,) at
60 bpm.

The heart rate dependence study showed consistent
results across the different heart rates for our proposed
technique (Figure 3E-G) (R? > 0.99 for all heart rates and
CoV of the vials <3% over the heart rates). MOLLI pre and
post results are shown without the lower and higher Ty
values where its analytical fit failed. However, for the low-
est T; phantom compartment, the resulting T; values were
not constant across heart rates. PARMANav was robust to

. . . . 7
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the change (i.e., CoV <3%) in heart rate for a larger range
of T; and T, values.

3.3 | Healthy volunteer study
In all 10 healthy volunteers, PARMANav resulted in pre-
cise T; and T, maps for all NAWWs (Figure 4). The myocar-
dial PARMANav T, CoV was lower than the routine T,
CoV, while the T; and T, global and segmental means
were significantly higher than those of the routine meth-
ods (Figure 5). The only significant T; or T, difference
observed between the different PARMANav acquisitions
was between myocardial T; value of NAWW =+4mm
and NAWW = +8 mm (Figure 4B). The spread of T; val-
ues across volunteers was smaller for PARMANav than
for the routine method, except for the values obtained
with the large NAWW of +32mm (IQRT; =41,57112
and 163ms for NAWW of +4, +8, +16 and +32mm,
respectively, vs. 135 ms for MOLLI). This discrepancy may
be caused by through-plane motion, as abnormally low
T, values were measured at NAWW =+32mm in the
two volunteers that exhibited a deep breathing pattern
(Figure 6).

The T; CoV at NAWW = +4 and + 8 mm were signifi-
cantly lower that the CoV at NAWW = +16 mm (p =0.03
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FIGURE 3
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Accuracy of PARMANav T; and T, maps in the ISMRM-NIST phantom compared to spin-echo reference values and across

heart rates. (A) T; map of the phantom obtained with PARMANav. (B) Linear regression plots of T; values and the clinical routine 5(3)3 and
4(1)2(1)3 MOLLI (MOLLI preGd and postGd, respectively) versus gold-standard inversion recovery spin echo (IR-SE). (C) T, map of the
phantom obtained with PARMANav. (D) Linear regression plots of T, values and the clinical routine T,-prep balanced steady-state free
precession (bSSFP) in the phantom in the clinically relevant range versus gold-standard SE. (E) T; values measured in the phantom across
five simulated heart rates for PARMANav. (F) Similar plot for the T, values obtained with MOLLI. (G) Similar plot for the T, values obtained
with PARMANav. (H) Similar plot for the T, values obtained with T,-prep bSSFP.
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PARMANav T; and T, maps and values for the healthy volunteers. (A) Representative maps of a healthy volunteer for the

different NAWWSs compared to routine techniques, with the myocardial relaxation time and SD underneath. (B) Myocardial T, values for the
four NAWWS, compared to MOLLI T, values. (C) Myocardial T, CoV for the four NAWWS, compared to MOLLI T; CoV. (D) Myocardial T,
values for the four NAWWs, compared to T,-prep balanced steady-state free precession (bSSFP) T, values. (E) Myocardial T, CoV for the four
NAWWS, compared to T,-prep bSSFP T, CoV. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

and p =0.01, respectively), although no difference could
be observed between PARMANav and MOLLI T; CoV
(Figure 4C). PARMANav T, CoV were significantly lower
than those of the routine technique (p < 0.004, Figure 4E).

The difference in acquisition time between the narrow-
est and widest NAWW was 2.15 times, or from 25 +4s to
53 +23 s (Figure S2).

No change in relaxation time was observed across the
different NAWWSs, which from +4 to +16 mm all resulted
in visually artifact-free high-quality maps (Figure 4A).
In several volunteers (n=2), a reduction in the visible
thickness of the myocardium in the lateral part could be
observed for NAWW = +32 mm.

3.4 | Patient study

PARMANav was successfully acquired in the three
patients, resulting in high-quality maps (Figure 7). The
ECV maps demonstrated two clinically confirmed old
infarctions: one associated with ischemic heart disease
in Patient 1, and another resulting from a coronary
artery dissection in Patient 3. Elevated regions of interest
were manually segmented and compared to the remote
myocardium in the three slices, resulting in an ECV
of 65% and 73% in the elevated region, and 40% and
44% in the rest of the myocardium, for Patient 1 and 3,
respectively.
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FIGURE 5

Bullseye plot of the PARMANav T; and T, maps. The mean and SD of the values across the 10 healthy volunteers for a

NAWW of +8 mm for the 16 American Heart Association (AHA) segments in the three short-axis slices.

4 | DISCUSSION

In this work, a navigator-gated free-breathing 2D radial
technique was developed and characterized for joint T;-T,
mapping of the myocardium at 3T. Numerical simula-
tions demonstrated that the estimated T; and T, values
in the myocardium were not significantly impacted by the
number of skipped heartbeats due to navigator rejection.
The different image reconstruction steps furthermore only
resulted in a slight but consistent increase in T, value,
and a negligible decrease in T, value. The presence or
absence of noise did not impact this tendency, indicating
that the CoV is dominated by the effect of the reconstruc-
tion. The accuracy and robustness to heart rate variability
of PARMANav relaxation times were then demonstrated in

a mapping phantom, showing consistent agreement with
the gold-standard values. The routine T; mapping tech-
nics MOLLI failed for the central four spheres of the NIST
phantom, most likely due to the very short T, values (5, 7,
10, and 15 ms). A phantom characterization with a variable
heartrate could be of interest but was not performed here,
as we believe that respiratory gating introduces the most
significant variability compared to heart rate fluctuations.

The study in healthy subjects showed a T; and T,
bias compared to clinical routine techniques, which was
expected as both techniques are known to underestimate
these values.*® Reducing this bias has been the subject of
several studies,”**’ but in this work the comparison was
only made with the version that is used in most clinical
routines (i.e., MOLLI). Feasibility was demonstrated in the
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T, =46.8% 4.4 ms

NAWW =+ 8 mm

NAWW =+ 32 mm

100

Anecdotal evidence of the influence of large through-plane motion on the maps. (A) T; and T, map of a healthy volunteer

with NAWW = +8 mm, with a part of the corresponding navigator plot. The acceptance window is represented in green. Only a small part of
the lung-liver transitions was within this window and, thus, accepted for data acquisition. The T; and T, values of the segmented
myocardium were reported under the images and were within a normal range. (B) T; and T, maps of the same healthy volunteer with
NAWW = +32 mm, with the corresponding partial navigator plot, which shows that all lung-liver transitions were accepted. The T; values
were abnormally low, which may be caused by through-plane motion that results in different tissues being excited at each respiratory state. It
should be noted that this volunteer exhibited deeper breathing pattern than most others.

patient setting for native maps and post-gadolinium injec-
tion, where we reported high-quality maps and were able
to characterize an old infarct.

All patient ECV values were relatively high(>30%),%
suggesting the presence of interstitial fibrosis. Light
streaking-like artifacts were observed in the heart trans-
plant recipient, which might be caused by the proximity
of steel sternal wires, or it might be a partial-volume effect
due to the low basal location of the slice. Alternative tech-
niques that lower the influence from regions outside the
heart, such as ROVir,*® could be explored in this patient
population in future studies. PARMANav ECV will also
need to be obtained in healthy volunteers to establish the
sensitivity and the specificity of the EVC mapping. Hema-
tocrit values have been shown to vary with body posture,
so Engblom et al.** recommended performing hematocrit
measurements at the end of the MRI exam, rather than

before, as previously recommended.*® In our study, blood
samples were drawn several hours before the exam in a
supine position after several minutes of rest, which might
thus lead to a slight ECV underestimation. Simultane-
ously, hematocrit levels also peak in the morning,> which
could also result in an underestimated ECV value. Never-
theless, since blood drawing and exam times were fixed,
any resulting bias would be consistent across these three
subjects.

3D joint myocardial T;-T, mapping (3D-QALAS) was
initially developed by Kvernby et al.,'* while more recently
for example a Cartesian dictionary-based joint myocardial
T,-T, mapping technique was proposed by Hennings-
son mapping at 1.5T,32 and a multiparametric version
of SASHA (mSASHA) was introduced by Chow et al.
for cardiac T; and T, quantification at 3T.> These tech-
niques all require breath-holds of 10 or more heartbeats.
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FIGURE 7
Patients 1 and 2 suffered from heart failure with preserved ejection

Parametric patient maps obtained in patients.

fraction, and Patient 3 was a heart transplant recipient with cardiac
allograft vasculopathy. Old infarctions due to ischemic heart disease
and a coronary dissection can be observed in the ECV maps of
Patients 1 and 3, respectively.
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By including a lung-liver navigator, we could prolong our
acquisition to 25 heartbeats without compromising on the
through-plane motion or feasibility in patient with lim-
ited breath-hold capacity. This should also facilitate the
application in patients, as breath holding can be challeng-
ing. Our dictionary was obtained with EPG simulation
for each acquisition. Free-breathing Cartesian simultane-
ous native T; and T, with a lung-liver navigator mapping
has also been recently proposed for myocardial mapping
at 3T by Lyu et al.?® In this work, the use of navigator
tracking (but not gating) offered a 100% navigator effi-
ciency. On the other hand, real-time slice tracking has
several limitations, such as the assumption of a linear rela-
tion between the diaphragm and the heart motion, and
the use of a single tracking factor that does not apply to
all patients.’® In the present work, using only real-time
slice tracking (i.e., using a NAWW that encompasses all
respiratory positions) was not sufficient in two subjects
and resulted in abnormally low T; values. This did not
happen when navigator gating was added. Nevertheless,
imperfect slice tracking may still introduce errors, as resid-
ual through-plane motion alters the magnetization history
of the imaged slice, which is not accounted for in the
dictionary.

The PARMANav relaxation times of the myocardium
were consistent with previous studies by Chow et al.> for
the T; values. On the other hand, the reported T, are
higher, similar to what was reported by Kvernby et al.!3
The precision reported for the PARMANav myocardial
relaxation times were similar to that of MOLLI and signif-
icantly higher than that of T,-prep bSSFP.

Beyond the presented phantom and healthy volunteer
comparison to spin echo and MOLLI, a direct compar-
ison of in-vivo T; and T, values obtained with differ-
ent techniques in different centers is challenging, since
these values were obtained in different cohorts, scanners,
and sites. For T; mapping, SASHA has been shown to
have higher accuracy than MOLLI, but lower precision.>!
While SASHA should thus be more reproducible between
scanners and vendors, this lower precision usually leads
to MOLLI being preferred.”? Based on the results in
this study, PARMANav can be preliminarily expected to
approach the high accuracy of SASHA and the high pre-
cision of MOLLI. T,-preped bSSFP T, mapping can in
turn suffer from reduced accuracy due to its sensitivity
to noise and B, inhomogeneities.?**” In PARMANav, the
larger number of images and the use of a GRE readout
with a complex-valued fitting process help mitigate these
issues, resulting in higher accuracy and precision than
T,-prep bSSFP. Techniques such as the abovementioned
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MR fingerprinting,” and multitasking* assess multiple
relaxation parameters, removing confounding T, effects
on T; estimation and vice versa. MR fingerprinting has
been shown to have improved accuracy after modeling RF
pulse imperfections and slice-profile effects,'> which can-
not straightforwardly be added for analytical techniques,
but is also incorporated in PARMANav. This may be the
main accuracy advantage of dictionary fitting over analyt-
ical fitting: imperfections and confounders can be readily
added to the fitting process.

Compared to the abovementioned techniques, PAR-
MANav enables free-breathing acquisitions while account-
ing for through-plane motion, removing another con-
founder towards increased accuracy and reproducibility.
This is largely hypothetical though and should be validated
against routine techniques in a multi-center study. Fur-
thermore, there are also contrast mechanism and potential
confounders that are not included in PARMANav, such
as magnetization transfer (MT)*® or B; inhomogeneity,'>
which may be explored in future studies.

Indeed, in several multiparametric myocardial map-
ping studies, the radiofrequency (B, ) field was added to the
dictionary to improve the T;-T, mapping accuracy. How-
ever, these techniques typically use bSSFP readouts with
large flip angles, which are known to be more sensitive
to B; inhomogeneities. For PARMANav we assumed that
using GRE readouts and a low flip angle would allow us
to ignore B; inhomogeneity, but this would be of inter-
est to characterize in a future study. T, relaxation has
also increasingly been incorporated in multiparametric
techniques,?®>* but a recent study suggest it does not add
information beyond that offered T; and T, relaxation.>

There was no clear trend for wider or narrower NAWW
to lead to higher or lower precision or accuracy. This
suggests that a NAWW can be chosen purely as a con-
sideration between increased scan time and acceptable
through-plane motion. However, the T; values of two vol-
unteers with deep breathing pattern were abnormally low
for the largest NAWW. This suggests that through-plane
motion may cause different tissues to be excited in subse-
quent heartbeats. As a result, large NAWW should proba-
bly be avoided, especially in case of suspected focal disease.
Larger NAWW can also lead to a failure of the registration
algorithm, which could explain the apparent reduction of
the T; and T, value on the lateral part of the myocardium.

Additional parameters could be experimentally opti-
mized (and reduced) in future studies, such as the flip
angle, the number and duration of the preparation mod-
ules, or the number of source images. The later was
set to 25 to ensure sufficient contrast variations. The
free-breathing easily allowed for this high number of
images, but it is likely that it can be lowered through a

careful optimization study without compromising the pre-
cision of the maps. The T; CoV could be further reduced by
adding a variable flip angle to the images,”® which would
also enable the B; field to be mapped.

Dictionary-based multiparametric mapping has sev-
eral limitations. To limit the size of the dictionary and the
associated computation time, a grid of discretized values
with a limited size is defined. A too coarse grid will induce
discretization errors, while large dictionaries result in long
generation and matching times. Parallelization and SVD
compression>® of the dictionary can reduce the computa-
tional time. Other limitations of the proposed technique
include the difficulty to optimize the sequence, as the nav-
igator rejections might have a larger effect on the contrast
variation than the parameter we are looking to optimize.

The main limitation for future integration of the pro-
posed framework in a clinical workflow is the long gen-
eration time of the dictionary, which is required for each
acquisition. This time would be even higher if this method
was extended to include other parameters like B;. A solu-
tion for this issue, as already proposed by Hamilton et al.,>’
would be to train a neural network to generate simulated
signals from an acquisition time course.

5 | CONCLUSIONS

We demonstrated that the proposed navigator-gated 2D
radial GRE sequence PARMANav allows accurate and pre-
cise joint T;-T, mapping during free breathing at 3T. The
influence of the navigator acceptance window width on
the T;-T, accuracy was found to be minimal, although
very large windows could lead to failure of the maps
in deep breathers. On the basis of the present results,
an acceptance window of £8 mm was further character-
ized and applied in three patients as a tradeoff between
through-plane motion and acquisition time. Future stud-
ies should focus on a clinical validation of this approach,
ideally in homogeneous patient cohorts.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Maps of the numerical simulations without
noise and the influence of skipped heartbeats. The same
measurements as those in Figure 2 are presented here for
the noise-free case. No large influence of the number of
skipped heartbeats on the myocardial relaxation times or
coefficient of variation (CoV) is observed.

Figure S2. PArametric Radial Mapping with Navigator
gating (PARMANav) acquisition times as a function of nav-
igator acceptance window width (NAWW). As expected,
the acquisition time decreases with larger NAWW.
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Table S1. Input T; and T, values used in the numerical
torso simulation. These reference values were previously
published by Staniz et al.>®
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