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Purpose: To develop and evaluate a free-breathing slice-inter-

leaved T2 mapping sequence by proposing a new slice-selective T2

magnetization preparation (T2prep) sequence that allows interleaved

data acquisition for different slices in subsequent heartbeats.
Methods: We developed a slice-selective T2prep for myocardial
T2 mapping by adding slice-selective gradients to a conven-

tional single-slice T2prep sequence. In this sequence, five slices
are acquired during five consecutive heartbeats, each using a
slice-selective T2prep. The scheme was repeated four times

using different T2prep echo times. We compared the perform-
ance of the proposed slice-interleaved T2 mapping sequence

and the conventional single-slice T2 mapping sequence in term
of accuracy, precision, and reproducibility using phantom
experiments and in vivo imaging in 10 healthy subjects. We also

evaluated the feasibility of the proposed sequence in 28 patients
with cardiovascular disease, and the quality of the maps was

scored subjectively. Furthermore, we investigated the impact of
through-plane motion by comparing T2 measurements acquired
during end-systole versus mid-diastole.

Results: T2 measurements using a slice-interleaved T2 map-
ping sequence were correlated with a spin echo (r2¼0.88) and

single-slice T2 mapping sequence (r2¼0.98). The mean myo-
cardial T2 values were correlated between slice-interleaved (48
ms) and single-slice (51 ms) T2 mapping sequences. Subjec-

tive scores of T2 map quality were good to excellent in 81% of
the maps in patients. There was no difference in T2 measure-

ments between end-systole versus mid-diastole.
Conclusions: The proposed free-breathing slice-interleaved T2

mapping sequence allows T2 measurements of five left ventric-

ular slices in 20 heartbeats with similar reproducibility and pre-
cision as the single-slice T2 mapping sequence but with a
four-fold reduction in acquisition time. Magn Reson Med
76:555–565, 2016. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

T2-weighted (T2W) imaging is currently the standard clini-
cal protocol for depicting changes in myocardial T2 time
for assessment of inflammation and edema (1). Commonly,
a dark blood preparation pulse is combined with a turbo
spin echo readout with or without fat saturation to image
myocardial edema (2). However, there are several chal-
lenges in myocardial T2W imaging, including regional
variations of signals due to phased-array coil, stagnant
blood, and low signal and contrast to noise ratios (3–6).
For example, in the study by Thavendiranathan et al. (7),
only 47% of patients had diagnostic T2W image quality.

Myocardial T2 mapping is an alternative technique to
T2W imaging (8–10). In this technique, several balanced
steady state free precession images are acquired immedi-
ately after a T2 magnetization preparation (T2Prep) pulses
with different echo times (TEs). Subsequently, the T2

value for each voxel is estimated by a fitting a recovery
curve of T2 decays. To allow for full signal recovery before
application of a new T2prep pulse, a rest period of several
heartbeats, during which no data are acquired, is inserted
(8,9). For example, a two-heartbeat rest period was used
in the T2 mapping sequence proposed by Giri et al (9),
resulting in the acquisition of only three T2W images over
nine heartbeats (ie, a data acquisition efficiency of 33%).
However, this short rest period could result in an under-
estimation of myocardial T2 values in patients with high
heart rates (7). Therefore, a higher number of rest periods
is required to reduce the sensitivity of T2 measurements
to heart rate. In addition, edema and inflammation could
occur regionally, which necessitates whole heart cover-
age, which in turn results in high scan inefficiency. For
example, to acquire T2 maps from five short-axis slices of
left ventricle, the scan time is 45 s, 30 s of which consti-
tute waiting time with no data acquisition.

Three-dimensional (3D) myocardial T2 mapping is an
alternative to two-dimensional (2D) T2 mapping and has
been recently proposed to improve spatial resolution and
coverage of myocardial T2 mapping (11–14). 3D T2 map-
ping with 3D radial sampling allows myocardial T2

quantification with an isotropic resolution of 1.7 mm3

but with a scan time of 18 min (11). Instead of waiting
for full magnetization recovery after each T2prep pulse,
imaging every other heartbeat was proposed to reduce
the scan time (13), but with reduced accuracy (15).
Application of a saturation pulse prior to T2prep has
been recently reported to reduce the scan time, but with
loss of signal-to-noise ratio (12). Despite ongoing advan-
ces in 3D T2 mapping sequences, the scan duration
remains long (>4 min); therefore, 3D T2 mapping has not
yet been adapted for routine clinical scanning.
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T2prep sequence is used in myocardial T2 mapping

sequences to create images with different T2 weighting
(8–10,16,17). The T2prep sequence consist of a nonselec-

tive 90� radiofrequency (RF) pulse to excite the magnet-
ization into the transverse plane followed by a series of
composite or adiabatic 180� pulses and a final �90� pulse

to tip the magnetization back to the longitudinal direction
(18,19). All the pulses in this sequence are nonselective,

resulting in magnetization excitation and T2 weighting
over the entire volume of imaging. Therefore, this

sequence requires a rest period after each T2prep image
acquisition to allow for magnetization recovery.

In this study, we hypothesize that combining slice-

selective T2prep with interleaved slice acquisition will
eliminate the need for rest period after each T2prep

image acquisition, thereby reducing the overall scan time
of T2 mapping while increasing the spatial coverage.

Based on that, we propose a novel slice-interleaved T2

mapping sequence by developing a slice-selective T2prep

sequence, which allows interleaving the data acquisition
of different slices in subsequent heartbeats. Phantom and

in vivo studies in healthy subjects and patients with car-
diovascular disease were performed to investigate the

performance of the proposed sequence.

METHODS

Pulse Sequence

Figure 1 shows the schematic of the proposed free
breathing slice-interleaved T2 mapping sequence, illus-

trated for the acquisition of five slices, with the acquisi-
tion of four different T2prep TEs. For each T2prep TE,
each slice is acquired once using an ECG-triggered single
shot acquisition. The first T2prep block usually corre-
sponds to sampling the TET2Prep¼0 time point, with pre-
sumably no T2prep pulses applied. This block is then
repeated for different TET2Prep TEs, where each image is
now acquired after a slice-selective T2prep pulse.
Finally, a last repetition of the block is performed by
replacing each slice-selective T2prep pulses with a satu-
ration pulse (ISAT) to simulate the effect of a very long
TET2Prep (ie, TET2Prep¼1) (15). For TET2Prep¼0, we used
T2prep pulses of zero time (ie, 90� directly followed by
�90� with no waiting time and no refocusing pulses in
between) (15). In case of any flip angle imperfection, this
method helps to induce the same effect across all T2prep
images, thus minimizing its impact on the fitting pro-
cess, and subsequently on the final estimated T2 times.
For the ISAT acquisitions, we used a composite saturation
pulse consisting of four rectangular 90� RF pulse train
with crusher gradients in between the RF pulses (20).
The RF pulses bandwidth was 1 kHz, and the composite
total duration was 10 ms.

Figure 1b illustrates the slice acquisition ordering,
slice gaps, and slice thicknesses proposed for the T2prep
and excitation pulses. The slice-selective 90� pulses of
the T2prep composite are applied with a slice thickness
twice as large as the imaging slice to minimize the
impact of slice profile imperfection. Data acquisition for
different slices is interleaved to minimize slice cross-talk

FIG. 1. (a, b) Schematic of the proposed slice-interleaved T2 mapping sequence using slice-selective T2prep (a) with an interleaved slice
acquisition scheme (b). The imaging sequence uses a respiratory NAV pulse for slice tracking by measuring respiratory motion of the
right hemidiaphragm. The sequence consists of several T2prep blocks, each with a specific T2prep echo time. In each block, all slices

are subsequently acquired in an interleaved fashion using ECG-triggered, T2-prepared single-shot imaging. The first block usually corre-
sponds to T2prep¼0, and the last block corresponds to T2prep¼1, where each image is acquired immediately after a saturation pulse

(ISAT). (c) Schematic of the slice-selective T2 magnetization preparation composite using two slice-selective 90� and �90� pulses with
four nonselective composite Malcolm Levitt’s (MLEV) refocusing pulses. The refocusing gradient for the second 90� pulse is reversed to
achieve a perfect nulling for the gradients 0th moments between the two 90� pulses. SS is the slice selection direction.
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effects of both slice-selective T2prep pulse and excitation
pulses. Furthermore, the acquisition of five slices pro-
vides a recovery time of five heartbeats between each
two consecutive acquisitions of the same slice. There-
fore, this approach removes the need for the additional
3- to 6-s rest periods commonly required in single-slice
T2 mapping sequences to guarantee full spin recovery
before each T2prep pulse (9,10,15). To compensate for
through-plane myocardial motion, a prospective slice
tracking was performed using a pencil beam respiratory
navigator (NAV) positioned on the right hemidiaphragm
and acquired immediately before each T2prep pulse. We
note that the NAV was used only for slice tracking with-
out any gating; therefore, the scan time was not
increased.

Figure 1c shows the sequence diagram for the pro-
posed slice-selective T2prep sequence. It consists of a
tip-down slice-selective 90� pulse, followed by four non-
selective 180� refocus pulses and ends with a closing
tip-up slice-selective 90� pulse. A slice selective pulse is
used for the opening and closing 90� pulses with a band-
width of 2.4 kHz and a duration of 0.88 ms. To minimize
the stimulated echo artifacts that might result from play-
ing the slice selection gradients between the two T2prep
90� pulses (15), we reversed the refocusing lobe of the
slice selection gradient for the second 90� pulse, similar
to Wu et al. (21), to achieve a perfect nulling for the gra-
dients 0th moments in between the two 90� pulses. For
the refocusing pulses, composite refocusing pulses (90�x,
180�y, 90�x) were used to provide second-order correc-
tions to variations in B1 and were weighted in a Malcolm
Levitt’s opposing phase pairs scheme to compensate for
RF pulse shape imperfections (22). The duration of each
refocus pulse was 1.75 ms.

Phantom Imaging

All imaging was performed on a 1.5T Philips Achieva
(Philips Healthcare, Best, Netherlands) MRI system using
a 32-channel cardiac coil.

In a phantom imaging experiment, we compared the
estimated T2 times obtained with the proposed sequence
and a conventional single-slice sequence with no slice
selective T2prep (15). Imaging was performed using eight
NiCl2 doped agarose vials whose T2 and T1 values
spanned the ranges of values found in the blood and
myocardium (T2 ¼ 46, 49, 50, 51, 54, 62, 70, 80 ms). A
single-shot electrocardiogram (ECG)-triggered steady state
free precession sequence was used for imaging in the
proposed slice-interleaved T2 mapping sequence with
the following parameters: number of slices¼ 5; field of
view¼240 � 240 mm2; in-plane resolution¼ 2 � 2 mm2;
slice thickness¼ 8 mm; repetition time (TR)/TE¼ 2.2/1.1
ms; flip angle¼ 40�; number of linear ramp-up pulses¼
10; SENSE rate¼ 2; acquisition window¼ 138 ms; num-
ber of phase-encoding lines¼63; linear k-space ordering.
Three different TET2Prep images were acquired at differ-
ent TET2Prep¼ 0, 25, 50 ms, in addition to a single image
after a saturation pulse to simulate TET2Prep¼1 (total of
four images per slice). For comparison, a 2D single-slice
T2 mapping sequence was performed using the conven-
tional nonselective T2prep sequence to image one slice

of the phantom (which corresponded to the middle slice
of the proposed five slices). The same imaging and TET2-

Prep timing parameters were used for this nonselective
T2prep sequence, but with a 4-s rest period after each
image to allow for full spin recovery. T2 values were cal-
culated using a three-parameter model fit (15). To assess
for measurement reproducibility, each sequence was
repeated 10 times in random order.

Additionally, a Carr–Purcell–Meiboom–Gill spin echo
sequence with an echo train length of 32 and TE¼ 10 ms
(ie, TE¼ 10, 20, 30. . ..320 ms) was performed as a refer-
ence. The scan parameters were as follows: field of view
(FOV)¼240 � 240 mm2; in-plane resolution¼ 1.25 �
1.25 mm2; slice thickness¼ 4 mm; TR¼ 6000 ms; flip
angle¼ 90�; number of averages¼ 4. Reference T2 values
were obtained using a two-parameter model fit applied
to the spin echo signal.

In Vivo Imaging

The study was compliant with the Health Insurance
Portability and Accountability Act, and the imaging pro-
tocol was approved by our Institutional Review Board
with written informed consent obtained prior to each
examination. Ten healthy adult subjects (men, n¼4;
women, n¼ 6; age, 29 6 18 y [range, 19–70 y]) without
contraindications to MRI were recruited. Additionally,
28 patients (men, n¼ 18; women, n¼10; age, 59 6 16 y)
referred for clinical cardiovascular MR (CMR) were
recruited to undergo an additional 20-s free-breathing
slice-interleaved T2 mapping sequence in addition to
clinically indicated CMR sequences to assess image qual-
ity of myocardial T2 mapping. The clinical CMR indica-
tions varied and included atrial fibrillation (n¼ 12),
cardiac sarcoidosis (n¼ 5), hypertrophic cardiomyopathy
(n¼ 2), apical noncompaction (n¼ 1), mitral valve regur-
gitation (n¼1), amyloid (n¼1), and ischemic heart dis-
ease (n¼ 6). Each healthy subject was imaged with the
proposed slice-interleaved T2 mapping sequence with
slice-selective T2prep and the “conventional” single-slice
T2 mapping sequence. To assess for reproducibility, each
sequence was acquired five times for each subject. Both
sequences were performed under free breathing condi-
tions and used a two-dimensional pencil beam NAV
positioned on the right hemidiaphragm to track the
breathing motion and prospectively correct for the slice
position during imaging. The NAV tracking used a 2D
spatially selective spiral pulse (23,24) with 16 spiral
excitation turns in 10 ms and a flip angle of 90� to excite
the magnetization in a circular area centered on the right
hemidiaphragm with a diameter of 50 mm. All scans
were acquired in the short axis orientation.

The proposed sequence used a free-breathing single-
shot, ECG-triggered, slice-selective T2prep balanced
steady state free precession acquisition with the follow-
ing parameters: number of slices¼ 5; FOV¼ 320 �
320 mm2; in-plane resolution¼2.5 � 2.5 mm2; slice
thickness¼8 mm; slice gap¼4 mm; TR/TE¼ 2.2/1.1 ms;
flip angle¼ 40�; number of linear ramp-up pulses¼ 10;
SENSE rate¼ 2; acquisition window¼147 ms; number of
phase-encoding lines¼ 67; linear k-space ordering. Simi-
lar to the phantom experiment, three images were
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acquired with TET2Prep¼ 0, 25, 50 ms, in addition to the
SAT image (total of four images per slice). The nominal
acquisition time of this sequence was 20 heartbeats.

The single-slice T2 mapping sequence (15) was per-
formed to image one 2D slice (corresponding to the mid-
dle slice of the proposed sequence) using the same
imaging and TET2Prep timing parameters as in the pro-
posed sequence but with nonselective T2prep pulses.
This sequence used a 4-s rest period after each T2W
image acquisition to allow for a full spin recovery. The
nominal acquisition time of this sequence was 13
heartbeats.

Sensitivity to Cardiac Motion

To assess the sensitivity of the slice-interleaved T2 map-
ping sequence with slice-selective T2prep to the cardiac
motion during systole, we acquired additional data in
seven healthy subjects (men, n¼ 4; women, n¼ 3; age,
31 6 18 y [range, 22–71 y) and eight patients with known
or suspected cardiovascular disease (men, n¼ 4; women,
n¼ 4; age, 47 6 14 y [range, 28–65 y). In the healthy sub-
jects, we acquired T2 maps using a conventional single-
slice T2 mapping sequence and slice-interleaved T2 maps
at end-systole and mid-diastole (four different datasets).
Five slices in the short-axis view at the same location as
slice-interleaved T2 maps were acquired. The imaging
parameters were as follows: FOV¼ 320 � 320 mm2; in-
plane resolution¼2.1 � 2.1 mm2; slice thickness¼ 8 mm;
slice gap¼ 4 mm; TR/TE¼ 2.8/1.4 ms; flip angle¼55�;
number of linear ramp-up pulses¼ 10; SENSE rate¼ 2.3;
acquisition window¼185 ms. Three TET2Prep echo images
were acquired with TET2Prep¼ 0, 25, 50 ms in addition to
the SAT image. In patients, only two datasets were
acquired using slice-interleaved T2 maps in mid-diastole
and end-systole without any single-slice acquisition.
Global and segmental myocardial T2 values were meas-
ured from each dataset.

Data Analysis

All images were transferred to a separate workstation for
analysis. In the phantom data, voxel-wise T2 maps were
generated using a three-parameter model fit (15). Accu-
racy, precision, and reproducibility were evaluated as
follows. A region of interest (ROI) was defined manually
for each vial in the spin echo data (ROISE). Similarly, a
second ROI was defined for each vial in the data
obtained with the two studied sequences (ROIseq). Accu-
racy was measured for each vial (v) as the difference
between the average (over the 10 repetitions) of the mean
T2 in ROIseq(v) and the mean reference T2 in ROISE(v).
Precision was measured for each vial (v) as the average
(over the 10 repetitions) of the T2 standard deviation in
ROIseq(v). Reproducibility was measured for each vial (v)
as the standard deviation (over the 10 repetitions) of the
mean T2 in ROIseq(v).

For the in vivo data, images were registered retrospec-
tively using a nonrigid image registration algorithm (25)
to compensate for residual in-plane motion. This algo-
rithm simultaneously estimates a nonrigid motion field
and intensity variations and employs an additional regu-
larization term to constrain the deformation field using

automatic feature tracking. Upon registration, voxel-wise

curve fitting was performed to generate T2 maps using a

three-parameter fitting model (15). A myocardial

segment-based analysis was then performed following

the American Heart Association myocardial segment

model. Epi- and endocardial contours were drawn man-

ually by an experienced reader for each T2 map in all sli-

ces. The myocardium was divided into 16 segments for

the slice-interleaved results (using the three midventricu-

lar slices) and was divided into six segments for the

single-slice results. For each subject and segment, the

average and standard deviation of T2 values were calcu-

lated. The standard deviation served as a surrogate of the

precision. For each subject, the standard deviation (over

the five repetitions) of the mean T2 values of each seg-

ment was calculated and served as a surrogate of the

FIG. 2. (a) Cross-sectional image for the phantom consisting of
multiple cylindrical vials of different T1 and T2 values. Representa-

tive ROIs are shown to illustrate how measurements were calcu-
lated, and which vials were considered. The rest of the vials have

T2>100 ms which is beyond the myocardium T2 range. (b) Accu-
racy, precision, and reproducibility of the single-slice and the
slice-interleaved T2 mapping sequences in a set of phantom vials

with different T1/T2 values. Each sequence was repeated 10 times.
Accuracy is defined as the difference between the averaged T2

times over all 10 repetitions and the spin echo T2 measurements.

Precision is defined as the average over all 10 repetitions of the
T2 standard deviation within each vial. Reproducibility is defined

as the standard deviation over all 10 repetitions of the mean T2

times within each vial. The proposed slice-interleaved sequence
yields similar absolute accuracy (P¼0.915), precision (P¼0.26),

and reproducibility (P¼0.29) compared with the single-slice
sequence.
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reproducibility. All calculations were performed using

MATLAB (version 7.14; MathWorks, Natick, Massachu-

setts, USA).
For the patient data, the quality of the resulted T2

maps was assessed by consensus of two experienced

readers using a 4-point scale that addresses the T2W

image quality, registration quality, and the final T2 map

quality: 1¼nondiagnostic (very low confidence in the

map due to severe motion artifacts or bad image registra-

tion); 2¼ fair (low confidence in two or three segments

of the map, but high confidence in the rest); 3¼ good

(most of the map is excellent except for small localized

areas of artifact in at most one segment); and

4¼ excellent (high confidence in all segments in the

map).

Statistical Analysis

The quality of the curve fitting process, used to estimate

the T2 values, is evaluated using the x2 goodness of fit

model, and the corresponding P values are reported. Wil-

coxon signed rank tests were used to compare the accu-

racy, precision, and reproducibility of the proposed

sequence, and the single-slice sequence in both the

phantom study and the in-vivo measurements with sta-

tistical significance threshold defined at P< 0.05. In the

in vivo study, a one-way Kruskal–Wallis analysis of var-

iance test was used to compare the T2 measurements at

different myocardial levels (specifically, basal, mid, and

apical levels) with the same statistical significance

threshold defined at P< 0.05.

RESULTS

Phantom Imaging

Figure 2a shows a cross-sectional image for the phantom
with representative ROIs drawn on the vials for measure-
ments. Figure 3 shows the accuracy, precision, and repro-
ducibility of T2 measurements obtained in the phantom
study using the single-slice and the proposed slice-
interleaved T2 mapping sequences. For the vials with T2

times matching the range of normal myocardium (ie,
T2¼ 40–60 ms), the slice-interleaved T2 values were
within 5 ms of the spin echo measurements and within 9
ms of the single-slice sequence. Across all vials, the slice-
interleaved T2 measurements were lower than the single-
slice measurements (P< 0.05) but similar to the spin echo
measurements (P¼ 0.31). No significant differences were
found in the precision and reproducibility between the
two sequences (P¼ 0.09, 0.13, respectively). The good-
ness of fit for the fitting process was x2¼ 0.7–1.3, which
corresponds to P¼ 0.25–0.43).

Figure 3a–3c depicts the regression analysis performed
between the reference T2 values measured from the spin
echo images (x-axis) and the mean of the estimated T2

values across repetitions using the single-slice (Fig. 3a)
and the slice-interleaved (Fig. 3b) sequences. Figure 3c
shows the regression analysis between the T2 values
obtained with the slice-interleaved and the singe-slice T2

mapping sequences. Figure 3d–3f shows the Bland–Alt-
man plots corresponding to each of the previous regres-
sion plots. The slice-interleaved and single-slice
measurements exhibited good correlation with the spin
echo measurements (r2¼ 0.88 and 0.94, respectively).

FIG. 3. (a, b) Regression analysis between the reference T2 values measured from the spin echo images (x-axis) and the mean of the

estimated T2 values across repetitions (y-axis) using (a) single-slice and (b) slice-interleaved sequences. (c) Regression analysis obtained
between the single-slice and the slice-interleaved measurements. The slice-interleaved measurements exhibit a strong correlation with
both spin echo and single-slice measurements (r2¼0.88 and 0.98, respectively), (d–f) Corresponding Bland–Altman plots.
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There is a strong correlation (r2¼ 0.98) between the T2

values measured from single versus slice-interleaved

sequences with a regression slope of 0.8 indicating

slightly lower T2 values when using the slice-interleaved

sequence compared with the single-slice one.

In Vivo Imaging

Figure 4 shows example in vivo T2 maps obtained with

the five repetitions of the proposed sequence in a

healthy subject. The maps visually appear homogeneous

over all slices and myocardial segments, suggesting a

low spatial variability of T2 values. The quality of the

proposed slice-interleaved T2 mapping sequence appears

visually similar over the five repetition scans, suggesting

a good reproducibility of the method.
Figure 5 shows an example of the T2 quantifications

based on the proposed slice-interleaved sequence. Figure

5a shows the bullseye of the T2 quantifications obtained

in a healthy subject from one of the 5 repetitions. Figure

5b shows the average T2 values at different slices (basal,

mid, and apical levels) for all healthy subjects between
slice-interleaved versus single-slice T2 mapping

sequence. The Kruskal–Wallis test resulted in nonsignifi-
cant differences between the T2 values across the three
ventricular slices (P¼ 0.39).

Figure 6 shows an example comparison between the

single and slice-interleaved sequences in three healthy
subjects. For each subject, the T2 map generated from the
single-slice sequence is compared with the T2 map gen-

erated for the corresponding slice in the slice-interleaved
sequence. The T2 measurements, precision, and reprodu-
cibility are shown for each map. The goodness of fit was

x2¼ 0.9–1.7 for the single-slice sequence and x2¼1.1–2.0
for the slice-interleaved sequence across all subjects.
This corresponds to p¼0.37–0.21 and 0.31–0.17,

respectively.
Figure 7 presents the subject-based analysis of in vivo

T2 quantifications over the whole myocardium in 10

healthy subjects. Over the entire myocardium, similar T2

(48 6 5.6 ms versus 51 6 3.4 ms using a single-slice
sequence, P¼ 0.07), precision (11 6 4.0 ms versus

FIG. 4. Example T2 maps obtained in one subject with the slice-interleaved T2 mapping sequence. The maps are shown for all five sli-
ces and five repetitions of the sequence. All T2 maps show homogeneous T2 signal over all myocardium, slices, and repetitions.
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10 6 1.5 ms, P¼ 0.7), and reproducibility (3 6 1.8 ms ver-

sus 1.7 6 1 ms, P¼ 0.19) values were obtained in the

slice-interleaved sequence compared with the single-

slice sequence.
Figure 8 shows the in vivo myocardial segment-based

analysis of T2 mapping in healthy subjects. The pro-

posed slice-interleaved sequence provided lower

segment-wise T2 values compared with the single-slice

sequence in all segments (48 6 2.6 ms versus 51 6 1.8

ms, P< 0.05). In average over all subjects, both sequences

led to similar precision (9.8 6 2 ms versus 9.5 6 2.5 ms,

P¼ 0.43) and reproducibility (3.3 6 0.5 ms versus

3.7 6 1.2 ms, P¼0.16) values. High precision of T2 meas-

urements was obtained in septal segments when com-

pared with free-wall segments for both sequences (single

slice: 7.5 ms versus 11.5 ms, P< 0.05; slice-interleaved:

6.5 ms versus 12 ms, P< 0.05). Reproducibility is also

better in the septal segments compared with the free-

wall segments in both the slice-interleaved sequence (2.5

ms versus 5 ms, P<0.05) and the single-slice sequence

(3 ms versus 4 ms, P< 0.05).
Figure 9 shows examples of T2 maps with associated

subjective scores used for the qualitative evaluation in

patients. 81% of maps received a subjective score of good

to excellent image quality. Only six slices (4%) were of

poor/nondiagnosable quality, three of which were the

most apical slices. Figure 10 shows example T2 maps

obtained in patients with elevated T2 times in one or

more myocardial segment, which demonstrates the feasi-

bility of this technique in detecting regional T2 elevation.
Supporting Figure S1 shows example T2 maps at end-

systole and mid-diastole acquired using single-slice and

slice-interleaved T2 mapping sequences. Supporting Fig-

ure S2 shows Bland–Altman plots for the segment-based

T2 measurements at end-systole and mid-diastole in

healthy subjects using the single-slice T2 mapping

sequence and the slice-interleaved sequence, and in

patients using the slice-interleaved T2 mapping

sequence. The different symbols represent different myo-

cardial levels (ie, basal, mid, and apical slices). There

was no difference between global T2 measurements

acquired using the slice-interleaved T2 mapping

sequence in end-systole and mid-diastole phases in

healthy subjects (P¼ 0.4) or patients (P¼ 0.35).

DISCUSSION

In this study, we developed a novel free-breathing slice-

interleaved myocardial T2 mapping sequence by imple-

menting a slice-selective T2prep sequence in

FIG. 5. (a) Example T2 maps obtained
in one healthy subject with the associ-

ated bullseye of the myocardial
segment-based quantification. The

average T2 over the whole myocardium
is shown in the center of the bullseye
view. (b) Basal, mid, and apical T2 val-

ues for different subjects. No significant
difference was found in T2 values

across the different slices (P¼0.54).
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combination with an interleaved slice acquisition
scheme. This significantly reduced the scan time and
improved data acquisition efficiency, allowing the cover-
age of more slices in a comparable scan time of one slice
acquired using the single-slice T2 mapping sequence
without slice-selective T2prep sequence. A 20-heartbeat
free-breathing T2 mapping sequence with five slices of
left ventricular coverage could be easily integrated in
any clinical CMR imaging protocol as we demonstrated
in our initial clinical feasibility study.

Although there was no statistically significant differ-
ence between T2 measurements from the single-slice ver-
sus the slice-interleaved sequence, the proposed
sequence led to reduced T2 values compared with the
single-slice sequence in both the phantom study (�4 ms)
and segment-based analysis of the in vivo subjects (�3
ms). However, the “true” myocardial T2 value is
unknown; therefore, it is unclear whether the proposed
slice-interleaved sequence underestimates the actual T2

or is closer to the true myocardial T2. In our phantom
experiment, we found the T2 values measured by the
slice-interleaved sequence to be closer to spin echo
measurements and lower than those for the single-slice
sequence.

To allow for signal recovery of at least five heartbeats
(�5 s for a heart rate of 60 bpm), at least five slices are
needed to maximize the throughput of the sequence in
terms of acquisition time versus slice coverage. If fewer
than five slices are acquired, rest cycles will become nec-
essary, and the time efficiency of the sequence will be

FIG. 6. Example myocardial T2 measurements, accuracy and precision of T2 maps obtained using the single-slice (a) and the slice-
interleaved (b) sequences in three healthy subjects. The values in each bullseye center represent the average T2 times over the whole

myocardium. Comparable image quality and T2 quantifications were obtained with the two sequences.

FIG. 7. T2 measurements, precision, and reproducibility of the
slice-interleaved and single-slice sequences obtained for each
subject. Accuracy, precision, and reproducibility were measured

over the entire midventricular slice in the slice-interleaved and the
single-slice sequence. On average, similar T2 value measurements

(48 6 5.6 ms versus 51 6 3.4 ms using single-slice sequence,
P¼0.1), precision (11 6 4.0 ms versus 10 6 1.5 ms, P¼0.6), and
reproducibility (3 6 1.8 ms versus 1.7 6 1 ms, P¼0.11) were

obtained in the slice-interleaved sequence compared with the
single-slice sequence.
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reduced. On the other hand, more slices can be acquired,
which results in more time between subsequent data
acquisitions for the same slice.

The proposed slice-interleaved T2 mapping sequence
is acquired during free breathing. Although single-slice
T2 mapping sequences are performed in one breath-hold,
it has been shown that more than 50% of patients cannot
sustain a stable 12- to 15-s breath-hold and retrospective
motion correction is needed (25,26). Considering that we

had to perform retrospective motion correction, we did
not limit the scan time to the duration of a single breath-
hold. A combination of prospective slice-tracking to min-
imize through-plane motion and retrospective motion
correction to reduce the impact of in-plane motion
allowed us to acquire free-breathing T2 mapping.

The proposed sequence can easily be adapted for seg-
mented data acquisition for myocardial T2 mapping to
acquire higher spatial resolution 2D mapping (27). The

FIG. 8. (a–c) Myocardial segment-based quantification of T2 values over all healthy subjects for measurements (a), precision (b), and

reproducibility (c). (d) Bland–Altman plot of the T2 differences between the single-slice and the slice-interleaved sequences. The values
in each bullseye center represent the average T2 times over the whole myocardium rather than the average of the segment values. The

slice-interleaved sequence measurements led to lower segment-wise T2 values (48 6 3 ms versus 51 6 2 ms, P<0.05) and similar range
of precision (9.8 6 2 ms versus 9.5 6 3 ms, P¼0.36) and reproducibility (3.3 6 0.5 ms versus 3.7 6 1.2 ms, P¼0.08) when compared
with the single-slice sequence measurements.

FIG. 9. Subjective qualitative analysis of
T2 map quality in patients. (a) Illustra-
tion of the four-point scale used for the

assessment: 1¼nondiagnostic (very
low confidence in the map due to

severe motion artifacts or bad image
registration); 2¼ fair (low confidence in
two or three segments of the map, but

high confidence in the rest); 3¼good
(most of the map is excellent except for

small localized areas of artifact in at
most one segment); and 4¼ excellent
(high confidence in all segments in the

map). (b) Overall scores on 28 patients
with 140 slice maps.
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data acquisition for different k-space segments will be
interleaved in exactly the same fashion in which the sli-
ces are interleaved in the proposed sequence, and thus
can be used in a time-efficient way to acquire the entire
2D k-space data. Further studies are needed to implement
and evaluate the performance of a segmented T2 mapping
sequence using a slice-selective T2prep sequence.

In the slice-selective T2prep composite design, we did
not use slice-selective gradients for the refocusing
pulses. The underlying assumption to allow this
approach is that the time between the refocus pulses (ie,
TET2Prep/4 for four refocus pulses) is very small (eg, 12.5
ms for a TET2Prep¼50 ms) compared with the myocar-
dium T1 time (�1200 ms at 1.5T). Thus, the T1 recovery
that occurs in the nonimaged slices experiencing the
multiple 180� refocus pulses without the 90�, �90� tip-
ping pulses is negligible—particularly because the next
slice to be imaged is in the next cardiac cycle, which
allows enough time to recover any spins that might be
inverted by the end of the composite.

Slice-selective preparation pulses are typically more
sensitive to through-plane motion. To minimize this
impact, we have chosen a larger slab size for the T2prep
pulse in addition to the prospective slice-tracking
scheme. However, there may still be residual through-
plane motion that could impact the T2 measurements,
which might explain the lower precision values in sub-
jects #1 and #3. To study the overall effect on the final

T2 measurements, we compared between the T2 measure-
ments at end-systole and mid-diastole on a separate
group of subjects; however, we did not find any differen-
ces between T2 values measured in systole versus
diastole.

The recovery time for magnetization of each slice
depends on the heart rate. In our implementation of five
slices, the time difference between two subsequent
images for each slice was five heartbeats [ie, 5 � (R-R
interval) s]. Thus, the relaxation time was reduced for
elevated heart rates (ie, shorter R-R interval), allowing
less time for recovery, which in turn could affect the T2

weighting of the subsequent images. In two subjects
(subjects #1 and #9), the heart rate varied significantly
during the scans (between 60 and 90 bpm), which
resulted in low reproducibility in the slice-interleaved
T2 measurements. One potential solution is to increase
the number of slices to allow for more relaxation time
for each slice. Another alternative solution is to use a
minimum rest cycle between data acquisition for the
same slice.

We observed 10%–20% variations in the myocardial
T2 values among different myocardial segments. Similar
variability ranges were reported in 3D T2 mapping
(11,12). In van Heeswijk et al. (11), a T2 value range of
35–45 ms was reported across segments. In Ding et al.
(12), the standard deviation of myocardial T2 measure-
ments was 3.5–5 ms across the entire myocardium. We

FIG. 10. Overlaid T2 maps on magnitude images in three patients with dilated cardiomyopathy (subject #1) and suspected sarcoidosis

(subjects #2 and #3), which shows regional elevation of T2 values compared with normal myocardium.
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also note that this variability was in the same range as
the measurements for reproducibility (an average of 4 ms
standard deviation among different repetitions), which
suggests that these variations could be attributed to the
imaging and physiological confounders of myocardial T2

mapping, including sensitivity to field inhomogeneities.
We investigated the proposed sequence only on a 1.5T

system. Further studies at higher magnetic fields are
needed to assess the proposed slice-interleaved T2 map-
ping sequence in the presence of increased B1 and B0

inhomogeneities.
The slice-interleaved T2 mapping sequence uses a

slice-selective T2prep sequence. Inflow and through-
plane motion will have an adverse impact on T2prep.
For myocardial T2 mapping, we used a slice-tracking
approach and a larger slice-selective gradient to mini-
mize this impact. However, we expect blood T2 measure-
ments to be affected with this sequence, which will
result in inaccurate T2 measurements in the blood pool.
Because T2 values of the left ventricular blood pool will
not change at different locations, a single scan using con-
ventional single-slice T2 mapping may be sufficient if
blood pool T2 measurement is needed.

In conclusion, the free-breathing slice-interleaved T2

mapping sequence allows T2 measurements of five left
ventricular slices in 20 heartbeats with similar reprodu-
cibility and precision as a single-slice T2 mapping
sequence, but with a four-fold reduction in acquisition
time.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of
this article.
Supporting Figure S1. Example T2 maps obtained in one healthy subject
during end-systole, and using the conventional nonselective T2 mapping
sequence and the proposed slice-interleaved one.
Supporting Figure S2. Bland–Altman plots for the segment-based T2

measurements obtained at end-systole and mid-diastole in both (a) healthy
subjects and (b) patients. In healthy subjects, the plot is shown for both
the conventional single-slice sequence and the proposed slice-interleaved
sequence, and in patients, the plot is shown for the proposed slice-
interleaved sequence.

Slice-Interleaved Myocardial T2 Mapping 565


