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Abstract

sequence at 3 T.

vivo experiments in 12 healthy adult subjects.

Background: This study demonstrates a three-dimensional (3D) free-breathing native myocardial T; mapping

Methods: The proposed sequence acquires three differently T,-weighted volumes. The first two volumes receive a
saturation pre-pulse with different recovery time. The third volume is acquired without magnetization preparation
and after a significant recovery time. Respiratory navigator gating and volume-interleaved acquisition are adopted
to mitigate misregistration. The proposed sequence was validated through simulation, phantom experiments and in

Results: In phantoms, good agreement on T; measurement was achieved between the proposed sequence and
the reference inversion recovery spin echo sequence (R* = 0.99). Homogeneous 3D T, maps were obtained from
healthy adult subjects, with a T, value of 1476 + 53 ms and a coefficient of variation (CV) of 6.1 £ 1.4% over the
whole left-ventricular myocardium. The averaged septal T; was 1512 + 60 ms with a CV of 2.1 + 0.5%.

Conclusion: Free-breathing 3D native T; mapping at 3 T is feasible and may be applicable in myocardial
assessment. The proposed 3D T, mapping sequence is suitable for applications in which larger coverage is desired
beyond that available with single-shot parametric mapping, or breath-holding is unfeasible.

Keywords: Myocardial T; mapping, Three-dimensional, Free-breathing, Saturation, 3 T, Tissue characterization,
Native T,, Post-contrast T;, Cardiovascular magnetic resonance

Background

In cardiovascular magnetic resonance (CMR), myocar-
dial T; mapping provides a non-invasive tool for direct
quantification of changes in tissue characterization. Na-
tive T; is sensitive to tissue properties such as water
content, fat, iron deposition and fibrosis [1, 2], and has
been used to identify a broad variety of cardiomyopa-
thies [3—6]. Additionally, measurement of myocardial T,
after infusion of T;-shortening contrast agents can be
used to estimate extracellular volume (ECV) fraction.
This is particularly valuable for detecting diffuse myocar-
dial diseases to which conventional late gadolinium en-
hancement CMR is insensitive [7]. Both native and

* Correspondence: dinghy@mail.tsinghua.edu.cn

'Center for Biomedical Imaging Research, Department of Biomedical
Engineering, School of Medicine, Tsinghua University, Beijing, China
Full list of author information is available at the end of the article

B BMC

post-contrast myocardial T; mapping are important
CMR techniques of ever increasing value in clinical diag-
nosis, prognosis and long-term follow-up of various car-
diac diseases [8].

T, mapping techniques generally acquire multiple
co-registered images with varying amounts of T; relax-
ation and quantify T, by fitting with exponential recov-
ery models on a pixel-by-pixel basis. Current techniques,
such as modified Look-Locker inversion recovery (MOLLI)
[9] and saturation recovery single-shot acquisition SASHA
[10], usually adopt a two-dimensional (2D) acquisition.
These techniques differ in their T; preparation strategies
but most employ breath-hold and single-shot imaging.
Breath-holding limits the total scan time available for acqui-
sition of multiple single-shot images as typically one image
is acquired per heartbeat. Thus, spatial resolution and
coverage are also limited and the imaging is susceptible to

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12968-018-0487-2&domain=pdf
mailto:dinghy@mail.tsinghua.edu.cn
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Guo et al. Journal of Cardiovascular Magnetic Resonance (2018) 20:64

lack of patient compliance. Furthermore, 2D imaging is in-
trinsically subject to through-plane motion artifact [11] and
low signal-to-noise ratio (SNR) [10, 12] when using desired
thinner slice, both of which can compromise the quality of
parametric maps. The accuracy of the estimate of T; may
be further degraded by the misregistration of images, which
can result from large acquisition window extending beyond
diastasis along with poor breath-holding or heart rate vari-
ation [13]. Motion correction methods have been devel-
oped to improve the map quality. However, these methods
generally are limited to in-plane motion and require rela-
tively complex processing [14, 15], and their validity has
not been fully demonstrated.

Three-dimensional (3D) acquisition has inherently
higher SNR and allows more comprehensive left ven-
tricular (LV) characterization due to its larger coverage,
and higher potential in-plane and through-plane resolu-
tions. However, 3D acquisition typically requires longer
scan time due to simultaneous cardiac and respiratory
motion compensation. This poses a challenge for accur-
ate 3D myocardial T; mapping, especially when measur-
ing the relatively long native T; at high magnetic fields.
Several techniques for 3D T; mapping have been pro-
posed [16-22]. Among these techniques, some are de-
signed for post-contrast myocardial T; mapping [18, 20]
and difficult to be extended for native myocardial T,
mapping. And some use inversion-recovery preparation,
making the measured T, sensitive to the variation of
heart rate [21, 22]. Another technique using variable flip
angle with 2D B,, calibration showed fair quality of T; map
due to the variation of By, field across the left ventricle [16,
23]. At 1.5 T, a 3D implementation of SASHA has ad-
dressed these issues by using saturation preparation and ac-
quiring an equilibrium volume [17]. Compared with 2D
SASHA [10], 3D SASHA achieves superior image and para-
metric map quality at the expense of increased scan time.

In this study, we propose a 3D free-breathing
saturation-based T; mapping sequence for myocardial
tissue characterization at 3 T. In this sequence, the influ-
ence of field inhomogeneity at high field was mitigated
by using radiofrequency-spoiled gradient echo (SPGR)
sequence as readout, and the sensitivity to heart rate
variation was reduced by adopting saturation prepulse.
Additionally, a volume-interleaved acquisition fashion
with respiratory navigation was designed to obtain an ac-
curate measurement of the equilibrium magnetization
thus ensuring accuracy of the T; map. The proposed se-
quence was validated with simulations, phantom and in
vivo experiments.

Methods

All imaging studies were performed on a 3 T CMR Sys-
tem with multi-transmit capability (Achieva TX, Philips
Healthcare, Best, Netherlands). Phantom studies used an
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8-channel head coil and the in vivo studies used a
32-channel cardiac coil. The human study was approved
by the local institutional review board. Written informed
consent was obtained from all subjects. Numerical simu-
lations, image processing, and statistical analysis were
performed in MATLAB (MathWorks, Natick, Massa-
chusetts, USA).

Pulse sequence design
The proposed 3D T; mapping technique uses 3 differ-
ently T;-weighted volumes to generate the pixel-wise T
maps. The sequence (Fig. 1) includes modules of satur-
ation (SAT), respiratory navigator (NAV), fat suppres-
sion (FS) and image readout. The volumes are acquired
using a multi-shot SPGR sequence in an interleaved
fashion during diastole. The SAT-prepared volumes,
IMG, and IMG;, utilize different delay times (Tsat) cor-
responding to the maximal available delay time (Tyax)
allowed by the system and half of Tyax (Tamax/2), re-
spectively. IMGj; is acquired several heartbeats after the
IM@G,, without SAT preparation, to obtain the fully re-
covered equilibrium magnetization. Hence, a delay time
of 6 s is desired for native T; mapping (see the simula-
tion below), and the number of T; recovery heartbeats
needed is calculated and updated in real time before
each shot (Appendix). Despite heart rate fluctuation,
the targeted minimum delay time is always achieved.
SAT was implemented by using the WET (water sup-
pression enhanced through T, effects) technique [24].
For in vivo studies, FS was applied right before the
readout using spectral presaturation with inversion
recovery (SPIR). Free-breathing acquisitions with re-
spiratory motion compensation were achieved with a
pencil-beam NAV on the dome of the right hemidiaph-
ragm [25]. The NAV data were acquired before the
readout.
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Fig. 1 Pulse sequence diagram for the proposed free-breathing 3D
T, mapping sequence. Three electrocardiogram (ECG) triggered
differently T;-weighted volumes (IMG;, IMG, and IMGs) were
acquired in an interleaved fashion. The magnetization for IMG; and
IMG, was prepared by a saturation (SAT) pulse with different delay
time (Tsat and Tsato). N heartbeats (HBs) were skipped before the
equilibrium volume (IMGs) was acquired, where n was calculated
using Eqg. A1 to achieve a T, recovery time 2 6 s. Respiratory
navigator (NAV) gating and fat suppression (FS) were employed. For
IMGs, after the prescribed n HBs, the readout will be performed only

if the respiratory navigator is within the acceptance window
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T, calculation

The pixel-wise T; map was calculated from the differ-
ently T;-weighted volumes using nonlinear least squares
algorithm, with the following signal evolution model:

T
S=A-Ax exp <— ;AT> (1)
1

Where A is the signal with full recovery of the longitu-
dinal magnetization, S is the measured signal intensity,
and Tsar is the saturation recovery duration. We assume
that for a given voxel, the magnetization at the onset of
imaging was a function of Ty and Tsar.

Simulations

The T; recovery durations would affect the image signal
intensities, and thus accuracy and precision of the T} mea-
sured by the proposed sequence. These quantities are all
dependent on heart rate. In this study, the following as-
pects were simulated: a) the available magnetization of
IMG; and IMG, under various heart rates; b) the
magnetization of IMG; (i.e. the equilibrium volume)
under different recovery time. Since the longitudinal
magnetization is very small after the readout of IMG, due
to the use of SPGR, the initial signal intensity in this simu-
lation was assumed to be zero; c) the relative error of T,
estimation induced by imperfect T; recovery of IMGs.

A full recovery of the equilibrium magnetization be-
fore the acquisition of IMG; is desired for an accurate
T, estimation but it comes at the expense of scan effi-
ciency. Due to the periodic nature of the cardiac cycle,
the T, recovery period for IMGs can only be specified
by an integer number of heartbeats. Variations in heart
rate during T, recovery eventually can result in degraded
T, estimation, as adopting an infinite or very long recov-
ery time is impractical. To explore this heart rate de-
pendency, Monte Carlo simulation was performed. The
single simulation was repeated 10,000 times, with the
heart rate varying with a prescribed mean value and a
standard deviation (SD) of 5 bpm. The number of the
idle heartbeats before imaging IMG3 was calculated with
respect to the prescribed mean heart rate (Appendix) to
achieve a T; recovery duration >6 s.

In the above simulation, the magnetization as a func-
tion of the T, was calculated using Bloch equations. The
simulated T; ranged from 500 ms to 1750 ms, and the
heart rate from 40 bpm to 120 bpm. The efficiency of
the SAT was assumed to be 100%. Tyax Was calculated
as 80% of the R-R interval. Tgat of IMG; and IMG,
were set to Tyax/2 and Thiax.

Phantom studies
Phantom experiments were performed to validate the
proposed sequence. Twelve gel phantoms, of which the
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T, and T, values span the possible myocardial relaxation
times at 3 T (T;: 500-1800 ms, T5: 30—80 ms) [26], were
prepared using different concentration of agarose (Sig-
ma-Aldrich, Saint Louis, Missouri, USA) and gadopente-
tate dimeglumine (Gd-DTPA, Magnevist, Bayer Pharma
AG, Germany).

To evaluate the accuracy of the T; measured by the
proposed sequence, all phantoms were scanned with
both the proposed sequence and an inversion-recovery
spin-echo (IR-SE) sequence (taken as reference in this
study). Imaging parameters of the proposed sequence
were: flip angle (FA) 18° (see Additional file 1: Figure S1
for the rationale of this FA value), TR/TE 2.28/0.78 ms,
partial echo factor 0.625, field-of-view (FOV) 150 x
150 x 30 mm?, voxel size 2 x 2 x 10 mm?, and acquisition
window 76 ms (i.e. 33 readouts per heartbeat) at a simu-
lated heart rate of 60 bpm. Tgat of IMG; and IMG,
were 395 ms and 788 ms. The targeted minimum recov-
ery time for IMG3 was set to 6 s, the same as for the in
vivo experiments. Neither FS nor NAV were used. Im-
aging parameters of the IR-SE sequence were: 14 inver-
sion times (100-3000 ms), FOV 150 x 150 mm?, voxel
size 2x2x10 mm®, TR 10 s. The reference T, maps
from the IR-SE sequence were calculated using the fol-
lowing three-parameter model:

T
S=A+Bx exp (— ,}NV> (2)

1

where S is the measured signal intensity, Tpyy is the T,
recovery duration after the inversion pulse, A, B and T,
are the unknowns.

To explore the sensitivity of the proposed sequence to
the heart rate, another nine scans of the proposed se-
quence were performed with the simulated heart rate
changing from 40 bpm to 120 bpm at a step size of
10 bpm. Tsar of IMG; and IMG, were set to Tyax/2 and
Tyax which would change along with the heart rate. The
targeted minimum recovery time for IMG3 was 6 s as well.

The saturation efficiency () of the WET pulse on the
phantoms was experimentally measured using a gradient
echo sequence with the following parameters: FA 15°,
TE 2.1 ms, FOV 150 x 150 mm? voxel size 2 x 2 x
10 mm?® and TR 15 s. Seven images were acquired: one
without saturation preparation, and the others six pre-
pared by a saturation pulse with delay times ranging
from 300 ms to 1200 ms [10]. The # was calculated
using the following model:

S= A<1—;7 « exp <— T;f)) (3)

where, A, 57 and T; were the unknowns.
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In-vivo studies

Twelve human adult subjects (7 males, 30 + 12 yrs) with-
out a history of heart disease were recruited. Each subject
was scanned with the proposed sequence and 2D SASHA.
The imaging parameters for the proposed sequence were:
electrocardiogram (ECG)-triggered multi-shot SPGR, par-
tial echo factor 0.625, FOV 280 x 300 x 96 mm?, voxel size
15x15x16 mm?® which was reconstructed to 1.5 x
1.5 x 8 mm?®, FA 18°, TR/TE 3.3/1.0 ms, respiratory navi-
gator acceptance window 5 mm. The acquisition window
was kept to 100-115 ms (i.e. 31-35 k-space lines was ac-
quired per shot) to minimize the effect of cardiac motion
and reduce partial volume averaging. Tsar for IMG; and
IMG, were ~ 300 ms and ~ 600 ms, respectively, depend-
ing on the heart rate. No parallel imaging was used. Im-
ages were reconstructed using a dual-phase partial echo
reconstruction method [27]. 2D SASHA completed in a
single breath-hold was performed at the mid-LV
short-axis-view (SAX) level with the parameters:
single-shot ECG-triggered balanced steady-state free pre-
cession (bSSFP) with 10 start-up echoes, FOV 280 x
300 x 10 mm?, voxel size 1.7 x 2.1 x 10 mm?, FA 35°, TR/
TE 3.0/1.3 ms, sensitivity encoding (SENSE) acceleration
rate 2, partial Fourier factor 0.875, Tsar ranging from
100 ms to 700 ms. Volumetric first-order By shimming
and volumetric B, shimming were performed to compen-
sate the field inhomogeneity before the T; mapping scans
[28]. The shimming volume was manually defined care-
fully to include the heart only.

In addition, the applicability of the proposed sequence
for post-contrast T; mapping was preliminarily studied
on another two human subjects (males, age 46 + 6 yrs).
In this experiment, the proposed sequence used a tar-
geted minimum recovery time of 3 s for IMGs, and was
performed 15 min after injection of Gd-DTPA at
0.15 mmol/kg (Magnevist, Bayer Pharma AG, Germany).

Image analysis

Phantom experiments

A center-aligned circular region of interest (ROI) was
drawn on each phantom on the reference T; maps and
transferred onto the T; maps obtained by the proposed
sequence as well as the saturation efficiency map for cal-
culating the mean and SD of T; or 5. The correlation
between the T; values from the proposed sequence and
from IR-SE sequence was calculated by using linear
regression. Bland-Altman analysis was also performed
between the two sequences. The relative error (i.e. per-
centage estimation error relative to the T; value from
the IR-SE sequence) and the coefficient of variation (CV,
the SD divided by the mean) were calculated for evalu-
ation of the accuracy and precision of T; measured by
the proposed sequence.
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In-vivo Experiments

T; maps from 2D SASHA were calculated using both
two-parameter (2-Param) and three-parameter (3-Param)
models [13]. No registration among T;-weighted volumes
or images was performed before T; calculation.

The LV was manually segmented slice by slice on the
T; maps from the proposed sequence by consensus be-
tween two observers. The long axis view was generated
by reformatting the 3D dataset. To perform a compari-
son with 2D SASHA, the most position-matched slice
was extracted from all the slices acquired by the pro-
posed sequence. The mean and SD of the T; values
within the septal ROIs were calculated for both the
proposed sequence and 2D SASHA. Then the T values
of the two sequences were compared using a paired
two-tailed Students t-test with significance level of
0.05.

All SAX slices of the proposed sequence were evenly
categorized into basal, mid-ventricular and apical slabs.
Each slice in the base and middle slabs was divided into
six segments, while each slice in the apex slab was di-
vided into four segments, according to the American
Heart Association (AHA) 17-segment model [29]. The
homogeneity and distribution of T; were further evalu-
ated on each segment by measuring the mean, SD and
CV. The averaged results of all segments from all sub-
jects were visualized with Bull’s-eye plots to assess the
distribution of T; throughout the LV.

Results

Simulations

As expected, the heart rate had a strong influence on
the available signal especially for long T; species (Fig. 2).
Figure 2a and b display the simulated available
magnetization for volumes acquired with a Tyax/2
and a Tyax saturation-recovery duration, respectively.
Taax was shortened when the heart rate increases,
leading to the reduction of the available signal.

Figure 2c and d show the simulated magnetization
of IMGj; and the resulting relative error of T; over
different recovery time. The magnetization of all sim-
ulated T; species recovered to >96% when the recov-
ery duration was >6 s. For a T; value about 1550 ms,
the magnetization recovery achieved about 98% and
the corresponding relative error was < 4%.

Figure 2e and f show the magnetization of IMG3 and
the resulting T, relative error in the Monte Carlo simu-
lation. A relative error < 3% could be achieved for all T;
species (Fig. 2e). The typical T; of healthy myocardium
(1550 ms at 3 T) [26] could be measured with a relative
error < 2.0% even at the highest simulated heart rate
(120 bpm). The SD of the relative error was < 0.5% for
all T, species when the heart rate presented a 5 bpm
fluctuation during the recovery period.



Guo et al. Journal of Cardiovascular Magnetic Resonance (2018) 20:64

Page 5 of 15

a b c
T T T T T T 1-0 1 T T T T T 1.00
Tsar = Twax/2 Tsar = Tmax
. 0.8 {1 096 :
1
[— — — !
5 { 5 06 5 0.92 ;
£, S S8 |
x { < 04 * 0. !
s 041 s = 088 i
‘\x —_— §§ i
e 0.2 0.84 !
~C—— 1
1
T T T T L] L] 1 0'0 L] L] L] L] L] L] L] 0-80 T T T : T T
60 80 100 120 40 60 80 100 120 3 4 5 6 7 8 9
Heart Rate [bpm] Heart Rate [bpm] Recovery Time [s]
d f
0 =
S ey
o o
b= b
w w
o [4)
> >
=) ‘B
g 8
[} )
o o
- 1
L] L] L] L] L] L] -3-0 L] L] L] L] L] T T
60 80 100 120 40 60 80 100 120
Recovery Time [s] Heart Rate [bpm] Heart Rate [bpm]
T.[ms] —= 500 - 600 - 700 -e— 800
—o— 1350 —— 1400 - 1550 —e— 1650 —-e- 1750
Fig. 2 Simulation results of the signal intensity and the accuracy of Ty measurement of the proposed sequence. a and b: the available
magnetization for IMG; (a) and IMG, (b) under different heart rates. The delay time (Tsap) of IMG; and IMG; were set to Tyax/2 and Tyax
respectively, where Tyax Was defined as 80% of R-R interval. ¢: the available magnetization for IMGs. In this simulation, the initial magnetization
was assumed to be 0. d: The relative error of T, estimation under the different recovery time of IMGs. e and f: Monte Carlo simulation results of
the available magnetization for IMGs (e) and the T, relative error (f) under different mean heart rates. The targeted minimum recovery time of
IMG3 was set to 6 s, and the number of idle heartbeats was calculated by Eq. [A1] according to the mean heart rate. The true heart rate during
the simulation fluctuated with a standard deviation of 5 bpm during the recovery period

Phantom studies

The phantom T; measured by the IR-SE sequence
ranged between 524 ms and 1819 ms. Excellent correl-
ation (R?=0.99) between the T; values measured by the
proposed sequence and the IR-SE sequence was obtained
with a small residual and a regression slope of 0.95
(Fig. 3a). The bias in T; between the proposed sequence
and the IR-SE sequence was — 6.1 ms with the overall
difference < 50 ms (Fig. 3c). The relative error of T; mea-
sured by the proposed sequence was in the range of - 7.2 -
2.9% (- 0.9 £ 2.1%) (Fig. 3b), while the CV of T; fluctuated
in the range of 0.3-1.8% (0.7 £ 0.3%) (Fig. 3d), when the
simulated heart rate ranged from 40 bpm to 120 bpm. The
CV obtained from the proposed sequence was not signifi-
cantly different from that of the IR-SE sequence, under a
heart rate of 60 bpm (0.59% vs 0.52%, p=0.35). The

measured saturation efficiency of WET pulse was 0.999 +
0.012 over all phantoms (Additional file 1: Figure S2).

In vivo studies

The proposed sequence and 2D SASHA were successfully
completed on all subjects. The respiratory gating effi-
ciency was between 22 and 60% (39 + 11%). The averaged
scan time was 6.0 + 1.1 min including the respiratory gat-
ing efficiency. The gating efficiency of navigator for IMG;
and IMG, is provided in Additional file 1: Table S1. The
averaged T; recovery time for IMG3 was between 7.0 s
and 8.0 s (7.5 £ 0.4 s). Characteristics of the healthy sub-
jects, HR, recovery time of IMGs, mean navigator effi-
ciency and scan time are summarized in Table 1. All
subjects were included in the quantitative analysis.
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Fig. 3 Phantom results of the proposed sequence referring to the inversion recovery spin-echo (IR-SE) sequence. a: The correlation between the
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J
Table 1 Characteristics of subjects and the recovery time of IMGs in the in vivo experiments
Subject Gender Age HR Recovery time of IMGs Navigator Scan
Max Min Mean efficiency time
# (F/M) (yrs) (bpm) ) ) () (%) (min)
1 M 51 604 17.3 6.3 80 332 7.5
2 F 22 64.0 100 6.1 77 455 46
3 M 62 70.6 119 6.4 79 343 6.3
4 M 24 72.2 146 64 79 22.5 6.9
5 M 27 76.8 9.06 6.1 7.1 579 4.2
6 F 25 88.2 8.6 6.1 6.9 322 6
7 M 22 74.1 10.7 6.1 76 314 7.3
8 F 27 538 9.8 6.2 7.0 489 6
9 M 24 550 9.9 6.2 74 40.5 6.5
10 F 23 589 9.0 6.7 76 38 49
Il F 23 63.7 9.3 6.1 7.1 29 7.5
12 M 25 69.5 9.5 6.0 7.1 60.6 4.7
uto 30+£12 75+04 395+£11.2 6+1.1

F female, M male, s second, min minutes, 4 mean, o standard deviation, HR heart rate, yrs years, bpm beats per minute



Guo et al. Journal of Cardiovascular Magnetic Resonance (2018) 20:64

Figure 4 shows the raw weighted images acquired by
the proposed sequence and the corresponding T; maps
from three slabs (i.e. base, middle, apex) of a subject. To
illustrate the blurring effect that may present in the pro-
posed sequence due to multi-shot 3D acquisition, images
of the subject with the most distinct blurring are shown
in Fig. 5. Figure 6 shows representative whole heart 3D
T, maps obtained by the proposed sequence. As can be
seen, the myocardium T; was homogeneously distrib-
uted over the whole LV. The myocardium T, over the
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whole LV from all subjects was 1476 + 53 ms, and the
CV was 6.1 +1.4%. Figure 7 demonstrates the SAX T,
maps obtained by the proposed sequence and 2D
SASHA with both 2-Param and 3-Param fitting on four
subjects.

Figure 8 shows the bull's-eye and box plots of the myo-
cardium T; based on the AHA 17-segment model. The
measured myocardium T; of the apex, middle and base
slab were: 1436 +71 ms, 1475 +52 ms and 1500 + 49 ms,
respectively. Statistically significant statistical difference was
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Fig. 4 Representative raw weighted images and the corresponding T; maps from the three slabs (i.e. base, middle, apex) of a subject, as
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Fig. 5 The raw weighted images and the corresponding T; maps from the three heart slabs (i.e, base, middle, apex) of the subject with the most
distinct image blurring, as obtained by the proposed sequence
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found between every two slabs (p<0.01 for all paired
t-tests).

Figure 9 shows the comparison of the septal T; and
CV between 2D SASHA and the proposed sequence.
The septal T; from the proposed sequence with 2-Param
fit was 1512 + 60 ms, which was comparable with that
from the 2-Param fit SASHA (1490 + 65 ms) (p =0.33)
but lower than that from the 3-Param fit SASHA (1575
+59 ms) (p=0.005). The proposed sequence showed
much lower CV (2.1 £ 0.5%) than 2D SASHA (3.9 +1.2%

for 2-Param fit, p =0.0007; and 5.5+ 0.9% for 3-Param
fit, p = 0.0001).

The native T, values from the proposed sequence and
2D SASHA on the whole heart myocardium, septum
and blood pool are summarized in Table 2.

In the additional experiments with contrast injection,
homogeneous myocardial T; maps were obtained by the
proposed sequence, as shown in Fig. 10 in which a dedi-
cated colormap was used [26]. The measured septal T; at
the middle heart slab of the two volunteers were 712 +
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are shown on the graph

Fig. 6 Representative 3D T; maps (a) and the corresponding reformatted long-axis view (b) from the 3D dataset of one healthy volunteer. ¢
Histogram of myocardium T; over the whole left ventricle. The mean (u) and standard deviation (o) of T, values across the whole left ventricle
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28 ms and 731 + 19 ms, respectively, while the blood T,
were 438 + 12 ms and 450 + 15 ms, respectively. Both the
post-contrast myocardium and blood T; values conform to
the range reported previously [26].

Discussion

In this study, we demonstrate a 3D free-breathing T,
mapping sequence for myocardial T; measurement at 3 T.
Whole-heart pixel-wise T; maps were obtained from three
co-registered volumes with different T; weightings. The
phantom results show that the proposed sequence
achieved good accuracy in T; measurement as compared
to the reference IR-SE sequence. This technique also fea-
tures heart rate insensitivity. Whole-heart T; maps with
low CV were obtained in the in vivo experiments.

As far as we know, this is the first study that imple-
ments a 3D saturation-based sequence for native myo-
cardial T; mapping at 3 T. It is much more challenging
to achieve accurate and precise heart T; measurement at
high fields such as 3 T, given the prolonged myocardial
T; and increased field inhomogeneity [13]. In this study,
several tools were used to address these challenges: 1) A
composite SAT pulse [24, 30] that was relatively insensi-
tive to the B, field inhomogeneity was used; 2) A
dual-source parallel radiofrequency transmission was
used to improve the By, field homogeneity [28]; 3) SPGR

instead of bSSFP was used to avoid the banding artifacts
caused by the By field inhomogeneity; 4) A partial echo
readout was used to reduce the susceptibility-induced
signal loss; and 5) Both B;, and By shimming were care-
fully carried out before the acquisition.

In this study, the respiratory motion was compensated by
using the respiratory NAV. Alternatively, breath-holding that
is commonly used in 2D cardiac parametric mapping is also
feasible for the proposed sequence, although multiple
breathholds are required. However, the multiple breathholds
fashion would suffer from inter-breath-hold shifting or vari-
ability in the breath-hold position, which can lead to motion
artifacts and distortion of the T; maps [11]. The motion
compensation with respiratory NAV is generally less
affected by these effects. The other advantage of the
respiratory NAV as compared to bread-holding is that it
does not impose limits on the image resolution and cover-
age [22, 31]. Moreover, free-breathing scans are also more
acceptable for elder people and cardiac patients who have
difficulty in breath-holding.

Another adaption of the proposed sequence for 3D im-
aging is that multi-shot data acquisition was employed. In
general, multi-shot acquisition allows reduction of the ac-
quisition window, thus minimizing blurring due to cardiac
motion and partial volume averaging, an important factor
for increasing the sensitivity of T; mapping to disease
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2D SASHA
2-Param fit
o

Subject 3 Subject 2 Subject 1

Subject 4

Fig. 7 T; maps from 2D SASHA with 2-Param and 3-Param fit, and the proposed sequence with 2-Param fit. The blue ROIs in the first row, which
were drawn manually, exemplifies the septal regions whose T, values were used for statistical comparison

Proposed
Middle

processes with heterogeneous distribution [13]. More im-
portantly, in this study, interleaved multi-shot acquisition
of all T;-weighted volumes was used. This led to intrinsic
co-registrations of the acquired volumes, and the physio-
logical changes during the scan could be evenly spread
over all volumes so that no extra motion correction is
needed before the pixel-wise fitting [18, 20, 31].

It has been recommended to acquire a non-SAT image
and multiple measurements for the saturation-recovery
based T; mapping sequence [32, 33]. This presents a
challenge for 3D acquisitions as the only way to acquire

data for the non-SAT image is to allow for complete or
near-complete relaxation spanning multiple heartbeats.
To achieve appropriate relaxation, the prescribed num-
ber of idle heartbeats was adapted per shot of the
non-SAT volume based on the real-time heart rate to en-
sure a recovery time of >6 s. Though the actual recovery
time varied among shots due to the rejection of data by
respiratory gating, the minimal 6 s recovery time was al-
ways achieved and ensured at least 98% recovery for
normal myocardial (~T; 1550 ms) at 3 T [26, 34]. On
average, the recovery time (7.5+ 0.4 s) was longer than
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the prescribed value in vivo and yielded >99% recovery
ultimately resulting in a high SNR anchor measurement
and stable T fitting with low CV.

The proposed sequence was, by design, robust against
the heart rate variability. By means of SAT and the
acquisition of an image representing the equilibrium
magnetization, an accurate sampling of the T; recovery
curve was achieved despite the variation in the duration of
the cardiac cycle. In the numerical simulations and phan-
tom experiments (Fig. 2f), with 100% gating efficiency,
each shot of IMG3; was immediately acquired after the pre-
scribed heartbeats, resulting in elevated relative error in
the estimate of T; when the heart rate increased and the
recovery time decreased (i.e. smaller rounding off error
with respect to 6 s according to Eq. Al). For the in vivo ex-
periments, the number of the idle heartbeats was updated
in real-time to ensure a recovery time of >6 s and may be
increased due to the rejection of data by respiratory gating.
Hence, the simulations and phantom experiments repre-
sent an upper bound on errors of the T; estimation as they

did not include the additional adaptations by respiratory
gating in vivo.

We used 2D SASHA as a reference in vivo and used a
flip angle of 35° due to the constraints of local energy de-
position at 3 T [13]. The reduced flip angle decreases the
SNR of the weighted images in comparison with the ori-
ginal 2D SASHA that used 70° at 1.5 T, which in turn de-
creases the precision of T, estimates [13]. In this study,
the in-plane cardiac motion was not corrected before
pixel-by-pixel fitting. This could have influenced the esti-
mated T; values. Though non-rigid motion correction
methods are available for 2D T; mapping, these algo-
rithms have shown poorer results for saturation-recovery
T; mapping methods due to low SNR and contrast in the
weighted images [26]. Nevertheless, the septal T; obtained
by 2D SASHA with both 2-Param (1490 ms) and 3-Param
(1575 ms) fit in this study was reasonable, as compared to
the values reported in previous studies [26, 34, 35].

In the proposed sequence, FS was applied to suppress
the subcutaneous fat, which would degrade the image

2-Param fit SASHA @ 3-Param fit SASHA @ Proposed

1 2 3 45 6
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2000 § 8T T T 11—
o
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Fig. 9 The mean and standard deviation (a), and coefficient of variation (b) of septal T; measured by 2D SASHA and the proposed sequence. T,
of 2D SASHA was calculated using both 2-Param and 3-Param model, while the T, of the proposed sequence was calculated with 2-Param
model. Results of paired t-test between the proposed sequence and SASHA for the comparison of septal T and CV are shown within the graph
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Table 2 The myocardium and blood T; of healthy volunteers
(N=12) at 3 T measured by the proposed sequence and 2D
SASHA

2D SASHA Proposed
2-Param fit 3-Param fit
LV Ty (ms) (u+o0) - - 1476 + 53
LV CV (%) - - 61+14
Septal Ty (ms) (L +0) 1490 + 65 1575+ 59 1512 £ 60
Septal CV (%) 39+12 55£09 21£05
Blood Ty (ms) (u+0) 2281+ 232 2213+ 281 2113 £ 142

A mean and CV of T; was calculated for each subject, then the p, o, CV and
CV's standard deviation as shown in the table was calculated by across

all subjects

LV left ventricle, u mean, o standard deviation, (-) not applicable, CV
coefficient of variation

quality severely as shown in Additional file 1: Figure S3.
Previous studies have shown that the measured myocar-
dium T; has complicated relationship with the regional fat
fraction and the imaging parameters [36, 37]. For the
myocardial T; measured by the proposed sequence, the
application of FS may have two impacts. One is that nul-
ling the fat signal would inevitably affect the resultant T
of myocardium, which contains both water and fat [38].
Another is that the magnetization of water in the myocar-
dium may be disturbed by the imperfect fat-selective RF
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pulse of the SPIR technique due to the field inhomogen-
eity. Since most of the conventional T; mapping se-
quences are commonly performed without using FS, the
interpretation of the difference of the T; measured by the
proposed sequence to that of other T; mapping tech-
niques should be careful.

The measured septal T; from the proposed sequence
(1512 ms) was lower than that from 3-Param fit 2D
SASHA (1575 ms) which has been demonstrated to have
high accuracy on T; estimation [13]. This discrepancy
may be explained by the following factors. First, as
shown by the results of the simulation, the proposed se-
quence has a relative error of about -1% for T; of
1550 ms even when a 7.5 s recovery time was achieved
in vivo. The simulation also showed that this relative
error could be further reduced by using a longer recov-
ery time for the equilibrium volume, at the expense of a
prolonged scan time. Second, although our data shows
that the saturation efficiency of the WET pulse was high
on phantoms (Additional file 1: Figure S2), this may be
less true in vivo due to the increased B;, inhomogeneity
[23]. In this study, a 2-Param model was used for T, cal-
culation for the proposed sequence, without taking the
saturation efficiency into account. This effect may also
contribute to the underestimation of T;. A better design
of the SAT pulse to further reduce the influence of the

Apex

Subject 1

Subject 2

¥

Fig. 10 Post-contrast T; maps obtained by the proposed sequence on two healthy subjects. The septal T; at the middle heart slab of the two
subjects were 712 + 28 ms and 731 £ 19 ms, respectively. The blood T; were 438 + 12 ms and 450 + 15 ms, respectively
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inhomogeneity of B;, field [35] or acquiring more
T;-weighted volumes to enable a 3-Param fitting could
improve the accuracy of the T; estimation by the pro-
posed sequence. Last, the application of FS could also
contribute to the difference in T; measurement when
compared with conventional T; mapping methods with-
out using FS, as discussed above.

The proposed sequence has high precision on T; meas-
urement as demonstrated by both the phantom and in
vivo experiments, although limited number of image vol-
umes were acquired. On the phantom the CV of T; ob-
tained by the proposed sequence was not statistically
different from that of the reference IR-SE sequence, while
in vivo the CV obtained by the proposed sequence was
much lower than that of both the 2-Param fit and
3-Param fit 2D SASHA (Fig. 9). These results suggested
that the T; measurement by the proposed sequence has
high precision. The precision of T; mapping technique is
dependent on several factors, including T;, SNR, satur-
ation delay, the signal model and the number of measure-
ments [13, 32, 33]. Considering that the proposed
sequence in this study acquire only three images for par-
ameter fitting, we think its high precision should be attrib-
uted to the high image SNR resulting from 3D imaging
and 2-parameter model fitting. In fact, the image SNR of
the proposed sequence was generally higher than that of
2D SASHA, as shown in Additional file 1: Figure S4.

Similar to the previous studies [39, 40], fluctuations of T
among the AHA segments were observed (Fig. 8). Due to
the difference in factors like field strength, number of slices,
slice thickness, fitting model and sample size between the
studies, at the moment it is difficult to determine whether
an improvement on depicting the AHA pattern can be
achieved by the proposed technique [16, 17, 19, 26]. On the
other hand, the observed decreased T from the inferior to
the lateral myocardium may be caused by the well-known
susceptibility artifacts and the field inhomogeneity at the
heart-liver-lung interface [40].

The proposed sequence can be used to achieve
post-contrast myocardial T; mapping with higher effi-
ciency than that for native myocardial T; mapping. Gen-
erally, the myocardial T; would be reduced to ~ 800 ms
at 3 T after 15 min of the contrast injection. The simula-
tion results showed that for such a T; value, a recovery
time of 3 s was sufficient for achieving an equivalent
magnetization recovery to the pre-contrast scan during
the acquisition of the equilibrium volume. Besides, the
simulation results (Fig. 2a and b) also demonstrate
that the available signal for IMG; and IMG, in the
post-contrast T; mapping will be much higher than that in
native T, mapping, which should lead to increased preci-
sion. In the present study, homogeneous post-contrast T
maps with the same voxel size as the native T; maps were
obtained within 3 min. Performing whole-heart myocardial
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T; map with and without contrast together could be used
to character the regional distribution of ECV and to ob-
serve regional heterogeneity.

Though implementing the most comparable sequence
3D SASHA and performing an experimental comparison
of the proposed sequence with it is beyond the scope of
this work, some information can be given based on a
theoretical comparison. The proposed sequence has a
similar scheme of signal preparation to 3D SASHA as
both rely on SAT [17]. 3D SASHA closely matches 2D
SASHA and acquires 9 differently-weighted volumes
using bSSFP and has been demonstrated solely at 1.5 T.
The equilibrium volume is acquired separately from the
other T;-weighted volumes with a recovery time of 3
heartbeats. Image resolution of 1.4 x 1.4x8 mm® was
achieved using SENSE with a 2-fold acceleration in an
average scan time of 12 min. The two sequences use dif-
ferent strategies to balance the performance (e.g., accur-
acy and precision of T;) and time efficiency (e.g., the
number of the T, weighted images, the use of paralleling
imaging) though imaging at 3 T requires additional tra-
deoffs. At 3 T, energy deposition and By and By, fields
inhomogeneity preclude the use of 3D bSSFP [41].
Therefore, the proposed sequence used 3D SPGR which is
insensitive to field variation. The equilibrium volume was
given twice the recovery time for 3D SASHA at the ex-
pense of reduced number of weighted volumes. Note that
3D SASHA does benefit from the residual magnetization
at the end of a bSSFP readout which is significantly higher
than that at the conclusion of the SGPR readout, increas-
ing the effective T; recovery. Additionally, the prolonged
myocardial T; at 3 T required a longer recovery time to
achieve the equilibrium than that at 1.5 T. Though both
techniques acquired the volumes in an interleaved manner
[18, 20], 3D SASHA acquired the equilibrium volume sep-
arately to better use the residual magnetization of the pre-
vious readout. Potential misregistration between the
equilibrium volume and the others could happen due to
the drift of respiratory state of subject. Clearly, more
T;-weighted images could improve the precision of T es-
timation and parallel imaging, as used in 3D SASHA,
could also be applied to the proposed sequence and the
increase in efficiency could be used to increase the num-
ber of the weighted volumes. However, the effects of par-
allel imaging on parametric maps (e.g. decrease in SNR,
spatially varying noise) are unclear and we opted for full
sampling of the data. A more detailed analysis is needed
to accurately compare the two techniques and to deter-
mine the most efficient sampling strategy.

There are several limitations of this study. First, the long
scan time as in our current protocol (~ 6 min) may present
a barrier to its clinical application. To reduce the scan time,
standard parallel imaging or the current state-of-the-art ac-
celeration strategies such as compressed sensing could be
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adopted [18], especially given the amount of structural
similarity shared among the weighted volumes. The 6 s re-
covery period needed for an accurate sampling of the equi-
librium magnetization is the most time-consuming
component in the current approach. This recovery period
can be further optimized by a trading off among the preci-
sion, fitting models and scan time. Second, interleaved ac-
quisition provides co-registered T;-weighted volumes.
However, it should be noted that when the volumes are ac-
quired in an interleaved manner, the acquisition time be-
tween the first and last k-space segment of each volume is
increased, therefore increasing the potential motion artifact
that is difficult to predict and correct. Nevertheless,
non-interleaved acquisitions would also suffer given that
the volumes could represent different physiological states,
leading to poor fitting and inaccurate T; estimation.

Conclusion

We present a 3D free-breathing sequence for myocardial
T, mapping at 3 T. The proposed sequence achieves
whole heart coverage with low myocardium T; CV. Satur-
ation pulse and long T; recovery duration for the equilib-
rium acquisition are used to decrease the heart rate
dependency. The proposed 3D myocardial T; mapping is
feasible for in vivo study at 3 T.

Appendix

Calculation of the number of idle heartbeats for the
equilibrium volume

The number of idle heartbeats n before the readout of
the equilibrium volume is calculated as

"= (Tmrget_Ttrigger) * 60
HR

(A1)

where Tj,,q; is the targeted minimum T, recovery time
(e.g. 6 s in this study), T;yge is the time from the detected
R wave to the readout (see Fig. 1). HR represents the heart
rates. The square bracket represents the operation of
rounding up to an integer. Note that because of this
rounding up operation, the true recovery time is always
larger than the targeted minimum T recovery time.

Additional file

Additional file 1: Figure S1. The mean coefficient of variation of
phantom T, measured by the proposed sequence under different
readout flip angles. Figure S2. Results of the phantom experiment for
saturation efficiency measurement. a: T; map. b: Saturation efficiency
map. ¢: The histogram of the saturation efficiency. High saturation
efficiency (0.999+0.012) over all phantoms (T;: 300-2000 ms) was achieved.
Table S1. The average navigator gating efficiency of IMG; and IMG, during
the scans of the proposed sequence on the human subjects (n = 12).
Figure S3. Weighted images acquired by the proposed sequence on one
subject without and with using fat-suppression (FS) and the corresponding
T, maps. Figure S4. Image SNR comparison between the proposed
sequence and 2D SASHA. The SNR was defined as signal (S) divided by
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standard deviation of noise (0), in which the S was calculated as mean
signal intensity of septum (red ROI on the weighted images), while o was
calculated from a ROI covering the left ventricle on the noise images. The
unshown images (i.e. IMG3-IMGg) of 2D SASHA had SNR between that of
IMG; and IMG. (DOCX 2258 kb)
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