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Joint Myocardial T, and T, Mapping Using a
Combination of Saturation Recovery and T,-preparation

Mehmet Akgakaya,1’2’3* Sebastian Weing}eirtner,'“)”4 Tamer A. Basha,® Sébastien Roujol,3

Steven Bellm,® and Reza Nezafat®

Purpose: To develop a heart-rate independent breath-held
joint T1—T> mapping sequence for accurate simultaneous esti-
mation of coregistered myocardial Ty and T, maps.

Methods: A novel preparation scheme combining both a satu-
ration pulse and T,-preparation in a single R-R interval is intro-
duced. The time between these two pulses, as well as the
duration of the T,-preparation is varied in each heartbeat,
acquiring images with different T, and T, weightings, and no
magnetization dependence on previous images. Inherently cor-
egistered T; and T, maps are calculated from these images.
Phantom imaging is performed to compare the proposed
maps with spin echo references. In vivo imaging is performed
in ten subjects, comparing the accuracy and precision of the
proposed technique to existing myocardial T, and T, mapping
sequences of the same duration.

Results: Phantom experiments show that the proposed tech-
nique provides accurate quantification of Ty and T, values
over a wide-range (T1: 260 ms to 1460 ms, To: 40 ms to 200
ms). In vivo imaging shows that the proposed sequence quan-
tifies Ty and T, values similar to a saturation-based T4 map-
ping and a conventional breath-hold T, mapping sequence,
respectively.

Conclusion: The proposed sequence allows joint estimation
of accurate and coregistered quantitative myocardial T; and
T» maps in a single breath-hold. Magn Reson Med 000:000-
000, 2015. © 2015 Wiley Periodicals, Inc.

Key words: quantitative myocardial tissue characterization;
myocardial T1 mapping; myocardial T2 mapping; myocardial
inflammation; diffuse fibrosis

INTRODUCTION

Measurement of the longitudinal (T,) and the transverse
(T,) relaxation times in the myocardium enables a quan-
titative description of tissue characteristics and identifi-
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cation of various cardiomyopathies. Quantitative
myocardial T; mapping (1-5) provides a technique for
noninvasive assessment of various cardiomyopathies (6)
and interstitial diffuse fibrosis (7). When both native and
postcontrast myocardial T, maps are acquired, they can
be used to measure the extracellular volume fraction (8),
which has shown utility for detection of diffuse myocar-
dial fibrosis (9). On the other hand, quantitative myocar-
dial T, mapping (10-16) enables detection of inflammation
and edema (11,14).

Quantitative myocardial mapping approaches rely on
acquiring multiple electrocardiogram (ECG)-triggered
images with different contrast weightings, achieved by
varying one or more sequence parameter(s). Then, a
model describing the magnetization evolution, as a func-
tion of the unknown parameters of interest and the
known sequence parameter(s) that is being varied, is fit-
ted voxel-wise to these series of images.

Several myocardial T, mapping approaches have been
proposed for sampling of the longitudinal magnetization
recovery curve. Look-Locker based inversion-recovery
sequences (1,2,17) are commonly used (18-22), with a
breath-hold acquisition of each slice, and provide high
precision, albeit at the cost of accuracy (5,23). Recently,
an inversion-recovery based multislice T, mapping
sequence has been proposed as well (24). As an alterna-
tive to the inversion-based sequences, saturation-
recovery based myocardial T, mapping was also investi-
gated (25), which was recently revisited by introduction
of the SAturation recovery single-SHot Acquisition
sequence (SASHA) (3). Another saturation-recovery
based approach called SAPPHIRE uses a combination of
saturation and inversion pulses (4). These latter techni-
ques have better accuracy compared with Look-Locker
based sequences, although their precision tends to be
worse (23).

For myocardial T, mapping (10-16), several images are
acquired with different T,-weightings to generate a quan-
titative pixel-wise T, map. T,-preparation (T.prep) (26)
technique has been used to generate these varying T,-
weighted contrast. Multiple heart-beat rest periods are
used in between these images to ensure sufficient mag-
netization recovery (11,14). An alternative technique,
which eliminates the necessity for rest period was
recently proposed (27). In this technique, a saturation
pulse is used at every R-R interval, followed by a fixed
T, recovery period. After this recovery, T,prep with dif-
ferent echo times are applied to generate a variety of T,
weighted images, which are acquired immediately after-
ward. The fixed T, recovery period ensures that all the
images have the same longitudinal magnetization before
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FIG. 1. a: The sequence diagram. A saturation pulse is applied in
every R-R interval to eliminate the magnetization history. Follow-
ing Tq-based recovery for a duration of Tgy, a To-prep with echo
length TE, ., is applied to generate the additional T, weighting,
after which a single-shot bSSFP image is acquired. b: The map-
ping sequence acquires the first image with no magnetization
preparation (corresponding to Tga=o00 and TEqe,=0), followed
by 12 images (3 are shown) acquired with different Tso: and TEpep
values. The major characteristics of the longitudinal magnetization
signal curve are depicted under the pulse sequence diagram. The
green circles indicate the magnetization at the end of the prepara-
tion pulses, whereas the red circles depict the magnetization
when the k-space center is acquired, showing the effect of the
bSSFP imaging pulses.

the application of the T,prep, and eliminates the need
for rest periods, albeit at the cost of a reduced signal-to-
noise ratio (27).

Because T, and T, values offer complementary infor-
mation, a method for simultaneously mapping these
quantities in a reduced amount of time is attractive. Fur-
thermore, the inherently coregistered maps can poten-
tially allow for better visualization of areas with
abnormal T, or T, (28-30). These sequences use different
combinations of inversion recovery and T,prep techni-
ques to generate different T;- and T,-weighted images for
quantification.

In this study, we sought to develop a saturation-
recovery and T,-preparation based sequence that exhibits
no heart-rate dependence, that can be acquired in a sin-
gle breath-hold and that allows for accurate simultane-
ous estimation of myocardial T, and T, with a precision
comparable to existing methods.

METHODS
Proposed Sequence

In the proposed sequence, a saturation pulse is applied
to eliminate the magnetization history at every heartbeat.
The longitudinal magnetization then recovers based on
the T, value for a duration of Ty, Subsequently, a
T,prep pulse (26) with echo length TE,., is applied to
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generate the additional T, weighting. A single-shot
bSSFP image is then acquired using ECG-triggering. The
schematic of this proposed joint T,/T, mapping
sequence is depicted in Figure la. 4 heartbeats of the
sequence diagram are shown in Figure 1b, along with
the corresponding longitudinal relaxation curve. The
longitudinal relaxation curve depicts the effects of the
T,—T, preparations, depicted by green circles, as well as
the imaging pulses, where the red crosses indicate the
acquisition of the k-space center. The mapping sequence
acquires the first image with no preparation, followed by
12 heartbeats with various (TX,, TElgrep) corresponding to
heartbeat k, to sample images with different T, and T,
weightings. These samples were distributed on the two-
dimensional grid of possible T,y and TE, times (31),
where the Ty, values ranged between 0 and the maximum
saturation recovery time within an R-R interval, and TEpep
values were limited to a range between 0 and 60 ms.

A composite saturation pulse, based on Sung and
Nayak (32), with 1 kHz bandwidth and 10 ms duration is
used. T,prep uses nonselective opening and closing 90°
hard pulses with 2.3 kHz bandwidth and 0.44 ms dura-
tion, to minimize T,* effects that might occur during the
pulse (16), while the refocus pulses are weighted in a
MLEV opposing phase pairs scheme to compensate for
RF pulse shape imperfection (33). Additionally, for
TEprep =0, a 90° followed immediately by a —90°, fol-
lowed by a crusher gradient was used, similar to the one
proposed in Huang et al (10), shown to reduce the effect
of By and B variations of the excitation and refocusing
pulses of the T,prep sequence, and improving the T,
quantification accuracy (16).

Joint T4 and T», Map Reconstruction

The T, and T, maps are generated jointly by voxel-wise
least-squares fitting of the magnetization evolution
model to the image intensities. We use a four-parameter
model for fitting, which characterizes the effect of the
bSSFP imaging pulses that are played until the acquisi-
tion of central k-space, on the magnetization measured
after the T, and T, preparation. This model is given by:

M4-parameter(Tsat7 TETZP) = A(l - eiTsa'/Tl>eiTEsz/T2 + B7
(1]

where the parameters, A and B do not depend on the sat-
uration time, Tgy or the Toprep time, TEr.p. As detailed
in Akcakaya et al (16), the B parameter captures the
effect of the imaging pulses, and is a function of the
steady-state magnetization, as well as sequence parame-
ters. The A parameter is a function of the signal at full-
recovery, and sequence parameters (flip angle, number of
pulses, repetition time, etc).

Phantom Imaging

All imaging was performed on a 1.5 Tesla (T) Philips
Achieva (Philips Healthcare, Best, The Netherlands) sys-
tem using a 32-channel cardiac coil array. Phantom
imaging was performed using 14 NiCl, doped agarose
vials, whose T, and T, values spanned a range of values
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(T41: 260 ms to 1460 ms, T,: 40 ms to 200 ms). A single-
shot ECG-triggered bSSFP sequence with the following
parameters was used for the proposed sequence for imag-
ing at a heart-rate of 60 bpm: two-dimensional (2D)
single-slice, field of view (FOV)=280 x 280 mm?, in-
plane resolution=2 x 2 mm?, slice thickness=8 mm,
repetition time/echo time (TR/TE)=2.8 ms/1.4 ms, flip
angle=70°, 10 linear ramp-up pulses, SENSE rate=2.5,
partial Fourier=0.75, acquisition window =121 ms,
number of phase encoding lines=43, linear k-space
ordering. Furthermore, to establish the experimental
heart-rate invariance of the method, the phantom imag-
ing was repeated using the same imaging parameters at
heart-rates of 70, 80, 90, and 100 bpm.

Spin-echo sequences were used to measure reference
T, and T, values for each vial. For T, values, an inver-
sion spin-echo sequence was used with 16 inversion
times between 100 and 3000 ms, as well as a TR/
TE=6000 ms/10 ms. For T, values, a Carr-Purcell-
Meiboom-Gill (CPMG) spin-echo sequence with an echo
train length of 32 with TE 10 ms was performed with
TR =6000 ms. The scan parameters were: FOV =240 x
240 mm?, in-plane resolution=1.25 x 1.25 mm?,
slice thickness=4 mm, flip angle=90°. Number of
averages = 4.

Finally, T, mapping was also performed using SASHA
T, mapping sequence (3) of the same duration, which is
a saturation recovery based technique. For comparison
T, maps, a conventional T, mapping sequence was used
with 3 T,prep echo times (0, 25, 50 ms), whose acquisi-
tions are separated by a 4-s rest period to allow for suffi-
cient recovery, as well as an image acquired immediately
after saturation pulse to simulate a very long T,prep
echo time (i.e., Typrep=o0) (16). The duration of this
acquisition was 4 heartbeats plus 8 s of rest period. The
same imaging parameters, as the joint T,/T, sequence,
were used for the imaging readout in both the SASHA T,
and the conventional T, mapping acquisitions.

In Vivo Imaging

The study was approved by the institutional review
board, and written informed consent was acquired before
each examination. In a prospective study, ten healthy
adult subjects (31 + 17 years, 4 men) without contraindi-
cations to MRI were recruited. For each subject, localizer
scouts were acquired to define the mid-ventricular short-
axis slice. The mid-ventricular short-axis slice was
acquired using the proposed breath-held single-shot
ECG-triggered bSSFP sequence with the same parameters
as in phantom imaging. The acquisition took 13 heart-
beats. Comparison T; maps were acquired using the
SASHA T; mapping sequence of the same duration
within a breath-hold; and comparison T, maps were
acquired using the conventional T, mapping sequence
within a breath-hold, with the same parameters as in
phantom imaging.

T4 and T, Map Analyses

All Ty and T, maps were generated offline by means of a
voxel-wise least-squares fitting using a Levenberg-
Marquardt optimizer. The four-parameter model of

Eq. [1] was used for the proposed joint mapping
sequence. For phantom imaging, reference T, times for
the inversion-recovery spin-echo sequence was calcu-
lated using a 3-parameter inversion-recovery model,

IR-SE
3-parameter

(Tin) =A(1- 20"/ ) 4B, [2]
The reference phantom T, times for the spin-echo
sequence was also calculated using a 3-parameter model,
M;?

3-parameter

(TErop) = Ae TFre/Tz L B, [3]

Comparison SASHA T, maps were generated using a
3-parameter saturation-recovery model:

M

3'parameter(TSﬂt) = A<1 - e_TSM/T1> +B [4]
which was shown to capture the effects of the recovery-
curve disturbance caused by multiple RF excitations
before the k-space center, as well as reducing the suscep-
tibility to magnetization transfer effects (3,34). Compari-
son conventional T, maps were reconstructed using the
3-parameter model in Eq. [3], which captures the effect
of imaging pulses before the k-space center, and whose
accuracy was shown to be independent of the T,prep
echo times (16).

A region-of-interest (ROI) analysis was performed for
both phantom and in vivo imaging. The mean value and
standard deviation in the ROI were recorded for each
calculated T, and T, maps. For phantom imaging, circu-
lar ROIs were drawn across each of the 14 vials, starting
from the center of the vial and containing ~300 pixels.
For in vivo imaging, epi- and endocardial contours were
drawn manually by two independent experienced read-
ers blinded to the acquisition type for each map. The T,
and T, values were recorded in the septum (example
ROIs are depicted in Supporting Figure S1, which is
available online), where the segments show the smallest
variation in measurements (35,36). Furthermore, a
segment-based analysis was also performed to compare
the regional variations of the methods. This included the
six segments (anterior, anteroseptal, inferoseptal, infe-
rior, inferolateral, anterolateral) for the mid-ventricular
short-axis slice. The standard deviations within these
regions were assessed as a surrogate for precision.

For phantom imaging, accuracy was assessed by com-
paring the mean of the vial for the spin echo reference T,
(respectively T,) map, and the mean of the vial for the T,
(respectively T,) map from the proposed sequence. The
null hypotheses that there was no difference in the mean
value for a vial in the spin echo reference and in a map
generated using the proposed sequence was tested using a
paired t-test across all vials. A P value of <0.05 was con-
sidered to be significant. Additionally, Bland-Altman
analysis was performed to compare the individual refer-
ence T, (and T,) values with those calculated from the
proposed sequence. The correlation between the esti-
mated T, or T, times and the heart rate was studied using
Pearson’s linear correlation coefficient.

For both phantom and in vivo imaging, the proposed
method was compared with SASHA T, and conventional
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FIG. 2. Phantom results comparing the proposed method to the reference values, as well as showing the heart-rate independence of
the method. a: T; and T, (top and bottom rows, respectively) values from the proposed method versus the reference values from the
spin echo sequences. The Ty and T, values calculated using the proposed sequence were not different than the reference values
(P=0.49 in both cases). b: Bland-Altman plots comparing the proposed method and reference values, where the variation is within the
acceptable range. c: The T and T, values (top and bottom rows, respectively) in several vials using the proposed sequence for different
heart rates, showing no correlation. The vials are color-coded consistently for the T4 and T, graphs.

T, mapping, in terms of the measured T, or T, values,
and the associated precision. These values were taken as
the average of those of the two independent observers.
The null hypotheses that there was no difference in the
measured values (or precision) between the maps gener-
ated by the proposed T; (or T,) map and the correspond-
ing comparison map were tested using a paired t-test
across all vials. A P value of <0.05 was considered to be
significant. Bland-Altman analysis was performed to
characterize the interobserver variability. Furthermore,
Pearson’s linear correlation coefficient was used to com-
pare the overall interobserver variability.

RESULTS
Phantom Imaging

Comparison of the proposed method and the reference
values in phantom imaging shows a high level of correla-
tion among the two approaches. The correlation coeffi-
cients were 0.99 for both the T, and T, measurements,
and these correlations are depicted in Figure 2a (T in
the top, and T, in the bottom row, respectively). The T,
and T, values calculated using the proposed sequence
were not different than the reference values (P=0.49 in
both cases). Bland-Altman analysis shows the variation
observed between the T, and T, values (top and bottom
rows, respectively) calculated from the proposed method
versus the reference values are within the acceptable
range (—3.1*+13.9 ms for Ty; 0.4*=11.1 ms for T,), as

shown in Figure 2b. Finally, the proposed method shows
a maximum difference of 1.2% and 2.6% for T, and T,
measurements, respectively, as a function of the heart-
rate. There was no significant correlation between the T,
or T, values and the heart-rate, with correlation coef-
ficients < 0.2 and P> 0.95 for both T, and T, measure-
ments, demonstrating heart-rate invariance. This heart-
rate invariance is depicted in Figure 2¢ in representative
vials for different heart rates for T; and T, values (top
and bottom rows, respectively). The vials are color-coded
consistently for the T, and T, graphs.

Additional comparisons with existing mapping
sequences show that for T; mapping, both SASHA and
proposed T; mapping sequences have similar accuracy
and precision (P=0.11 and 0.34, respectively). For T,
mapping, the proposed mapping sequence has similar
accuracy and precision compared with the conventional
T, mapping sequence (P=0.65 and 0.36, respectively).
The accuracy and precision for individual vials are
depicted in Figure 3.

In Vivo Imaging

The myocardial T, and T, mapping sequences were suc-
cessfully completed in all subjects without complica-
tions. Example T, and T, maps from two different
subjects are shown in Figure 4, where the maps were of
similar visual quality. In both cases there was good
agreement of the myocardial T, and T, values. For sub-
ject A, the T, and T, values were: 1211 * 82 ms versus
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FIG. 3. Phantom results comparing the proposed method with SASHA T4 mapping and conventional T, mapping of same duration.
There was no difference among the corresponding methods in terms of accuracy (P=0.11 for Ty and P=0.65 for T,) or precision
(P=0.34 for T; and P=0.36 for T,). The reference T and T, values of the vials from the spin echo sequences are depicted as well.

1210 £ 92 ms for SASHA and proposed T,, respectively;
and 49.0 = 5.8 ms versus 47.3 £ 6.5 ms for conventional
and proposed T, respectively. For subject B, the T, and
T, values were: 1217 + 90 ms versus 1210 =96 ms for
SASHA and proposed T;; and 47.8*=7.0 ms versus
45.6 = 7.3 ms for conventional and proposed T,.

Across all the healthy adult subjects, the estimated
ventricular septal T, values were: 1210*+24 ms and
1191 £29 ms for SASHA and proposed T, mapping,
respectively (P=0.06). The estimated T, values were:
48.2+2.8 ms and 47.3*+2.3 ms for conventional and
proposed T, mapping, respectively (P=0.23). The meas-
urements for T; and T, in individual subjects are
depicted in Figure 5a. The precision in the septum was:
133 £31.0 ms and 121 =*20.7 ms for SASHA and pro-
posed T; mapping, respectively (P=0.08); and 8.0 = 1.2
ms and 9.7 = 1.8 ms for conventional and proposed T,
mapping, respectively (P=0.01). The precision for T,
and T, in individual subjects is depicted in Figure 5b.
Bland-Altman analysis shows that the interobserver vari-
ability was within the acceptable range (—9.6 = 42.3 ms
for T4; 0.7 = 5.9 ms for T,), as depicted in Figure 5c. The
correlation coefficient between the two observers for all
measurements was 0.99.

The estimated segment-based analysis showed that
there was no difference between SASHA and proposed

T, mapping in terms of the segmental T, values (P=N.S.
for all), except for the inferolateral segment (1226 = 37.3
ms versus 1198 = 37.6 ms, P=0.01). There was no differ-
ence in terms of the segmental T, precision between the
two methods across all segments (P=N. S. for all). The
results of the segment-based T, analysis is depicted in
Supporting Figure S2a. The segment-based T, analysis
revealed that there were no difference between the con-
ventional and proposed T, mapping across segments in
terms of the T, values and T, precision (P=N. S. for
all), except for the anteroseptal segment, where there
was a difference for both the T, values (46.9 2.9 ms
versus 46.0*+2.9 ms, P=0.02) and precision (7.7 = 1.6
ms versus 9.1 *1.9 ms, P<0.01). The results of the
segment-based T, analysis is depicted in Supporting Fig-
ure S2b. Furthermore, for all methods, there was a loss
of precision in the lateral segments compared with the
septal segments (P <0.01 for all), consistent with previ-
ous studies (35).

DISCUSSION

In this study, we developed a sequence for simultane-
ously estimating coregistered myocardial T; and T,
maps, based on a combination of saturation-recovery and
T,-preparation pulses. The proposed sequence was
acquired in a single breath-hold over 13 heartbeats. In
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FIG. 4. Example in vivo T and T, maps from two different subjects. The maps are visualized with similar quality, and in both cases there
was a good agreement of the myocardial Ty and T, values (Subject A: 1211 £ 82 ms versus 1210 = 92 ms for SASHA and proposed T4,
respectively; 49.0 £ 5.8 ms and 47.3 = 6.5 ms for conventional and proposed T,, respectively. Subject B, the Ty and T, values were:
1217 =90 ms versus 1210 = 96 ms for SASHA and proposed T4; 47.8 = 7.0 ms and 45.6 = 7.3 ms for conventional and proposed T,).

phantom studies, we established the accuracy of this
sequence with respect to spin echo imaging, and also
showed that the proposed sequence is heart-rate inde-
pendent. We also showed that for in vivo data, the quan-
tified septal values were similar to existing methods for
individual myocardial T; or myocardial T, mapping.

In terms of T, quantification, the accuracy and preci-
sion associated with the proposed method were similar to
those of the saturation-recovery based SASHA T; map-
ping. It is understood that SASHA T, mapping has better
accuracy compared with Look-Locker based sequences,
albeit with a degraded precision (23). Because our
sequence uses a saturation-recovery approach for generat-
ing the T, weighting of the individual images, the similar-
ity in characteristics to SASHA sequence is warranted.

For T, quantification, the accuracy of the proposed
method was similar to a conventional T, mapping
sequence with four T,prep echoes, acquired over 12 s at
60 bpm. The correspondence between these sequences is
not straightforward, because the T, weighting in the pro-
posed sequence is applied after a saturation recovery
pulse (except for the image with no preparation), result-
ing in a diminished SNR for these images. This seeming
disadvantage is mitigated by the ability to acquire an
image at every heartbeat due to use of the saturation
pulse to erase the magnetization history. On the other
hand, the conventional sequence has a higher SNR, but
requires multiple rest periods for magnetization re-
growth, limiting the number of acquired images. Experi-
mentally, this trade-off offsets the differences, and
results in similar accuracy for the proposed sequence,
albeit with a reduced precision.

Previous joint T;/T, estimation techniques rely on
combinations of inversion recovery and T,prep (28-30).
In Blume et al (28), a sequence for the simultaneous esti-
mation of T, and T, maps was proposed using inter-
leaved inversion and T,prep pulses. However, this
sequence requires multiple relaxation cycles, necessitat-
ing a lengthy free-breathing scan, as opposed to a single
breath-hold. In Santini et al (29), an alternative joint esti-
mation sequence was proposed based on the inversion-
recovery balanced steady-state free-precession (bSSFP)
curve. Due to the characteristics of this curve, the esti-
mation is performed sequentially, by first estimating T,
and using it to estimate T,, as opposed to a simultaneous
estimation procedure. Another approach acquires an
image with no-preparation, followed by a T,-prepared
image, and an inversion pulse, after which five images
are acquired using a triggered Look-Locker approach
(30). These latter sequences can be acquired in a single
breath-hold, and were shown to have accuracy similar to
MOLLI, which was shown to have lower accuracy com-
pared with saturation-recovery based T; mapping
sequences (23).

Nulling of the magnetization after the saturation pulse
is essential for the performance of saturation recovery
based mapping technique. Both composite and adiabatic
saturation pulses have been shown to provide robust sat-
uration in cardiac applications (32). Optimization of sat-
uration pulses for myocardial mapping applications is an
ongoing area of research (37), and these can be imple-
mented into the current sequence in a straightforward
manner. For saturation recovery techniques, it is impor-
tant to note that in the low SNR regime, the noise in the
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FIG. 5. Summary of the left ventricular septal Ty and T, measurements for all healthy adult subjects, comparing the proposed joint T1/T»
method with SASHA T4 mapping and conventional T, mapping of same duration. a: The estimated septal T4 values were: 1210 =24 ms
and 1191 £29 ms for SASHA and proposed T; mapping, respectively (P=0.06). The estimated T, values were: 48.2+2.8 ms and
47.3 = 2.3 ms for conventional and proposed T, mapping, respectively (P=0.23). b: The precision in the septum was: 133 + 31.0 ms and
121 £20.7 ms for SASHA and proposed T4 mapping (P =0.08); and 8.0 = 1.2 ms and 9.7 = 1.8 ms for conventional and proposed T, map-
ping, respectively (P=0.01). c: The interobserver variability was within the acceptable range (—9.6 + 42.3 ms for Ty; 0.7 = 5.9 ms for T).

images will be Rician, whereas the curve fitting process
promotes a Gaussian noise model, which may lead to
biases, although this was not observed in our study. The
noise model mismatch may also be mitigated by multiple
averages of the low SNR images.

A joint T4/T, mapping sequence provides complemen-
tary information through coregistered T, and T, maps in
a single scan. The proposed sequence achieves this in
the same time as an individual myocardial T, or T, map-
ping scan. Including the time for the patient to recover
between breath-holds for individual T, and T, mapping
scans, this would lead to a scan time saving of more
than two-fold. Furthermore, the inherent coregistration
may potentially facilitate distinguishing between fibrosis,
acute or chronic myocardial infarction (30). However,

because we are not aware of any clinical studies that use
coregistered myocardial T, and T, maps, the incremental
utility of this information is not known, and is beyond
the scope of this work. Another benefit of simultane-
ously estimating the T, and T, maps, as opposed to a
sequential estimation process, is that potential bias
caused by one relaxation time in the fitting of the other
is removed.

In this study, all in vivo datasets were acquired using
a breath-hold approach. Respiratory drift may occur in
patients that have problems breath-holding, which may
corrupt the estimated T; maps and their homogeneity,
although this was not observed in the healthy subjects.
Registration of the individual images using advanced
techniques may be beneficial in patients (38).



This study has several limitations. Only a small num-
ber of healthy subjects were recruited. Further clinical
evaluations on larger cohorts are warranted to quantify
changes in T, and T, relaxation times in different popu-
lations using the proposed method. No validation of the
T, or T, values has been performed in vivo, because a
reference time cannot be assessed in the myocardium in
a reasonable scan time. Only a single mid-ventricular
short-axis slice was imaged in this study. In the pro-
posed approach, a saturation recovery pulse is used at
every heartbeat, leading to lower SNR in the individual
images, which translates to signal inhomogeneity and
spatial variability in the T, and T, maps. The manual
segmentation for the measurements in this study avoided
high levels of signal inhomogeneity and contamination.
This approach might not be adequate in patients with
truly inhomogeneous myocardium, which may limit the
application of this technique to diverse patient
populations.

CONCLUSIONS

The proposed sequence allows for simultaneous estima-
tion of accurate and coregistered quantitative myocardial
T, and T, maps, without exhibiting heart-rate depend-
ence. It has similar accuracy compared with existing T,
and T, maps sequences of the same duration, and has
similar precision for T, mapping, albeit having reduced
precision for T, mapping. Hence, the proposed method
enables accurate simultaneous T, and T, quantification
in half the scan time.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of
this article.

SUP. FIG. S1. Example region of interests (ROIs) segmented for septal
analysis of in vivo Ty and T, maps. The ROIs were selected conservatively
to avoid signal contamination from the blood pool areas.

SUP. FIG. S2. Summary of the segment-based T; and T, measurements
averaged over all healthy adult subjects, comparing the proposed joint T4/
T, method with SASHA T4 mapping and conventional T, mapping of same
duration. a: The Ty measurements were statistically similar for all segments
(P=N.S.), except the inferolateral segment (1226 +=37.3 ms versus
1198 =37.6 ms, P=0.01). The T4 precision was similar for all segments
(P=N.S.). b: T, values and T, precision were statistically similar for all seg-
ments (P =N.S.), except for the anteroseptal segment, where both the T,
values (46.9+2.9 ms versus 46.0+2.9 ms, P=0.02) and the precision
(7.7 = 1.6 ms versus 9.1 = 1.9 ms, P <0.01) were different.
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