Magnetic Resonance in Medicine 71:2082-2095 (2014)

Saturation Recovery Single-Shot Acquisition (SASHA) for

Myocardial T, Mapping

Kelvin Chow,' Jacqueline A. Flewitt,>® Jordin D. Green,* Joseph J. Pagano,’
Matthias G. Friedrich,*® and Richard B. Thompson'*

Purpose: To validate a new saturation recovery single-shot
acquisition (SASHA) pulse sequence for T; mapping and to
compare SASHA T, values in heart failure patients and healthy
controls.

Theory: The SASHA sequence consists of 10
electrocardiogram-triggered single-shot balanced steady-state
free precession images in a breath-hold. The first image is
acquired without magnetization preparation and the remaining
nine images follow saturation pulses with variable saturation
recovery times.

Methods: SASHA was validated through Bloch equation simu-
lations, Monte Carlo simulations, and phantom experiments.
Pre- and postcontrast myocardial and blood T values were
measured in 29 healthy volunteers and 7 patients with heart
failure.

Results: SASHA T; values had excellent agreement (bias, 5 +
5 ms) with spin echo experiments in phantoms with a wide
range of physiologic Ty and T, values and its accuracy was
independent of flip angle, absolute T4, T,, and heart rate. The
average baseline myocardial T; in heart failure patients was
higher than in healthy controls (1200 = 32 vs. 1170 = 9 ms, P
< 0.05) at 1.5T, as was the calculated blood-tissue partition
coefficient, A, (0.42 = 0.04 vs. 0.38 = 0.02, P < 0.05), consist-
ent with diffuse myocardial fibrosis.

Conclusions: The SASHA sequence is a simple and fast
approach to in vivo Ty mapping with good accuracy in simula-
tions and phantom experiments. Magn Reson Med 71:2082-
2095, 2014. © 2013 Wiley Periodicals, Inc.
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Quantitative myocardial T; mapping, performed either
pre- or postgadolinium contrast administration, has pro-
ven to be an invaluable tool in the noninvasive assess-
ment of cardiac remodeling. Increased noncontrast
myocardial T, values have been related to the extent of
tissue damage in acute myocardial infarction (1),
whereas shortened postcontrast T; values from higher
tissue gadolinium concentrations have been used to
detect increased extracellular volume. In diseases with
diffuse myocardial fibrosis, such as patients following
heart transplantation (2), with aortic stenosis (3), and
with hypertrophic cardiomyopathy (3), postcontrast myo-
cardial T; values have shown good correlation with
histological measures of fibrosis including biopsy meas-
urements of myocardial collagen content (2) and collagen
volume fraction (3).

However, postcontrast myocardial T; values are sensi-
tive to both the time of measurement after contrast deliv-
ery (3-6) and the amount of contrast administered. The
blood-tissue partition coefficient, \, is the ratio of tissue
contrast concentration to the blood concentration, and
more accurately reflects the underlying tissue extracellu-
lar volume fraction. Tissue and blood contrast concentra-
tion can be derived using changes in T, from baseline to
postcontrast delivery (7). As \ is calculated using blood
and tissue T, values before and after contrast, T; imaging
sequences used for the measurement of A should be
accurate over the wide range of T7; and T, values found
in blood and tissue both pre- and postcontrast.

Inversion recovery sequences are commonly used for
T, mapping owing to their use of the full dynamic range
of signal intensities, but conventional methods require
full T; recovery between acquisition and subsequent
inversion pulses and thus total acquisition times are too
long for breath-hold imaging. Look-Locker techniques (8)
allow for faster imaging with continuous fast low angle
shot (FLASH) (9-11), echo planar imaging (12), or bal-
anced steady state free precession (bSSFP) (13) readouts
following a single inversion pulse. A correction factor (9)
is used to account for magnetization attenuation owing
to image acquisition in these techniques. Electrocardio-
gram (ECG) triggering allows for cardiac T, mapping
with Look-Locker techniques; however, combining data
from multiple cardiac phases (11) may introduce errors
owing to through-plane motion.

The MOdified Look-Locker Inversion (MOLLI) recovery
sequence (6,14,15) consists of several “Look—Locker” sets,
each containing several ECG-triggered single-shot images
at the same cardiac phase in sequential heartbeats follow-
ing a single inversion pulse. The MOLLI sequence, and its
shorter breath-hold variants using different image
sampling schemes (5,16), has been used to calculate
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FIG. 1. a: Schematic diagram of the SASHA pulse sequence showing variable saturation recovery times (TS) between saturation (SAT)
and each image readout (IMG). Variable trigger delays are used to maintain constant cardiac phase for all images. Dashed vertical lines
within each image readout represent the center of k-space. b: Bloch equation simulation of longitudinal (M) and transverse (Myy) mag-
netization during the SASHA sequence for postcontrast blood with T,/Ty = 180/500 ms and ideal saturation (nactuar = 1). Bold lines indi-
cate magnetization during imaging. ¢: Magnetization curves for all images from (b) are shown scaled down in time by a factor of 5 and
normalized to the signal intensity of the first image. The best-fit of Eq. 2 through the center of k-space for each image is shown with a
dashed line. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

myocardial and blood T; values in healthy volunteers
(5,6,16), patients with myocardial infarction (17,18),
chronic aortic regurgitation (19), and those with nonische-
mic late enhancement lesions (18). However, MOLLI
sequences underestimate T; values by 4-10% in phantom
studies (14-16) and are known to have greater underesti-
mation in short T, tissues such as the myocardium
(20,21). Saturation recovery variants of MOLLI have been
developed but also have a systematic underestimation of
~5% (22), likely owing to a similar magnetization attenua-
tion effect from multiple image readouts after a single
preparation pulse. Saturation recovery imaging with a sin-
gle gradient echo image per saturation pulse, eliminating
the magnetization attenuation effects in MOLLI
approaches, has also been demonstrated in vivo (23,24).
However, gradient echo readouts are limited by both poor
overall signal to noise (SNR) and poor blood—tissue con-
trast compared to the bSSFP readout used in MOLLL

We present a similar saturation recovery single-shot
acquisition (SASHA) sequence for T; mapping using a
single-shot bSSFP readout to provide good SNR and
blood—tissue contrast. We propose that this approach will
overcome the limitations of bSSFP Look-Locker sequen-
ces, where factors such as T, and heart rate affect the accu-
racy of calculated T, values in a complex manner.
Accuracy of SASHA-derived T, values and their depend-
ence on Ty, T,, flip angle, off-resonance, heart rate, SNR,
and saturation efficiency were evaluated using numerical
simulations and validated in NiCl,-agarose phantoms.

The dependence of myocardial T; and \ on the time fol-
lowing contrast agent administration was characterized in
a group of healthy volunteers. T, and \ values were also
measured in patients with heart failure, a disease where
diffuse fibrosis has been described previously (25,26) and
measured (2), and compared to a control group. Measure-
ment reproducibility for in vivo studies was characterized
with inter- and intraobserver variability statistics.

THEORY

The SASHA pulse sequence consists of 10 single-shot
bSSFP images acquired over consecutive heartbeats,
where the first image is acquired without magnetization
preparation and the remaining images follow saturation
pulses with variable saturation recovery times (TS) that
uniformly span the R—R interval. TS is defined as the
time from the end of the saturation radiofrequency (RF)
pulse to the center line of k-space. Images are ECG-
triggered and a variable trigger delay is added before
each saturation pulse to obtain a consistent cardiac
phase (diastasis) for all images (Fig. 1a).

The saturation recovery preparation results in a start-
ing magnetization for each SASHA image (other than the
first) defined by:

M(O) =1- T]actualei(’I‘SiM/T1 (1]
where mMaeual is the saturation pulse efficiency (Mactuar =
1 for perfect saturation) and A is the time from the start
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of imaging to the center of k-space. This magnetization is
further modulated by multiple bSSFP RF pulses during
imaging as shown in Figure 1b. However, the relation-
ship between signal intensity, TS, and T; can still be
expressed using a three-parameter exponential recovery
model, as derived analytically in the Appendix (Eq.
A11):

Signal = A(1 — Npparent® ") [2]

where A is a scaling factor and m,pparent i the apparent
saturation efficiency, which is macua multiplied by a
constant determined by acquisition parameters as
detailed in Eq. A13. The overall effect of the bSSFP read-
out is an apparent change in saturation efficiency and
scaling factor, whereas the exponential T, term remains
unaffected. Changes in flip angle and the distribution of
flip angles with realistic slice profiles both result in
changes in mapparent and the scaling factor, whereas the
T, term is again unaffected as discussed in Appendix.

METHODS
Pulse Sequence

The SASHA pulse sequence was implemented on a 1.5T
MRI scanner (Avanto; Siemens Healthcare; Erlangen,
Germany). Typical sequence parameters were composite
saturation with three RF pulses, 70° flip angle, three
preparation ramped start-up RF pulses with flip angle
scaling factors of 1/6, 3/6, and 5/6 (of 70°), a closing a/2
(35°) RF pulse following imaging, 1.3 ms echo time (TE),
2.6 ms repetition time (TR), 119-885 ms TS (for a heart
rate of 60 bpm), 8 mm slice thickness, 270 x 360 mm
field of view, 108 x 192 acquisition matrix size before
interpolation, 75% phase resolution, and rate 2 parallel
imaging [generalized auto-calibrating partially parallel
acquisition (GRAPPA)] for a ~175 ms imaging window.
All imaging was performed with body coil RF
transmission.

Calculation of T; Values

T, image analysis was performed offline using MATLAB
R2009a (The MathWorks; Natick, MA). For all simula-
tions, phantom, and in vivo experiments, T, values were
calculated by fitting image signal intensities to a three-
parameter exponential recovery curve (Eq. 2). The first
nonsaturated image had the exponential term set to zero
so that Signal = A. A Levenberg—Marquardt algorithm
(27) was used to determine best-fit values for A, napparent:
and Tj.

Simulations

The full SASHA pulse sequence was simulated using the
Bloch equations in MATLAB with actual acquisition and
timing parameters. Saturation pulses were implemented
as complete spoiling of transverse magnetization and
multiplication of longitudinal magnetization by (1 —
MNactual): Simulations were performed using ranges of
heart rates (60-100 bpm), T;s (300-2000 ms), T,s (50—
250 ms), Mactual (0.9-1.1), flip angles (30-90°), and off-

Chow et al.

resonant frequencies (+0.375/TR, i.e., =143 Hz) to deter-
mine the dependence of best-fit T, values on each
parameter. Signal intensities from simulations with dif-
ferent flip angles were also combined as a weighted sum
before calculating T, to emulate the effect of an excita-
tion slice profile.

The range of SASHA TS times is determined by the
R-R interval, where the sampling of the recovery curve
will be reduced at higher heart rates and more so for lon-
ger T, values. Monte Carlo simulations were performed
to examine the noise dependence of best-fit T;s for blood
(precontrast T,/T;: 240/1650 ms, postcontrast: 180/500
ms) and myocardium (precontrast T,/T;: 50/1175 ms,
postcontrast: 50/725 ms). Tys were selected to reflect
baseline (noncontrast) T, values and those 15 min after a
0.1 mmol/kg bolus of a gadolinium. Noncontrast T,s
were selected based on the literature values (28), and
postcontrast T,s were calculated using the relaxivity
equation, assuming matching relaxivity for T, and T,.
For each case, simulations were run with 100,000 repeti-
tions for heart rates of 60 and 100 beats per minute
(bpm) and SNR values of 20-120 in steps of 10. Simu-
lated signal intensities were calculated using the Bloch
equations with TS times matching those calculated on
the MRI scanner for the given heart rate and signal inten-
sity was normalized to unity at the nonsaturated time
point. In each repetition, T, values were calculated using
Rician-distributed data with v as normalized simulated
signal intensities and o as 1/SNR to represent magnitude
reconstructed data. Based on this definition, the nonsatu-
rated image has the specified SNR value and remaining
nine SASHA images have lower SNR values owing to
reduced signal intensities, as determined by the TS time.
The distributions of best-fit T; values are presented as
normalized T, error (i.e., divided by the input T,) to
facilitate comparison between blood and tissue simula-
tions with different input T; values. Variability and bias
in best-fit T; errors are reported as the interquartile range
(IQR) of normalized T, values and median of normalized
T, values, respectively.

Phantom Experiments

The accuracy of SASHA-derived T; values was evaluated
in 14 NiCl,-doped agarose phantoms (29) with T, and T,
values spanning the wide range found in blood and myo-
cardium with a normal range of gadolinium concentra-
tions. Gold standard 7, measurements were performed
using inversion recovery spin echo experiments with 15
inversion times spanning 100-3000 ms, 11 ms TE, and
one line of k-space acquired per inversion. Gold standard
T, measurements were performed with spin echo experi-
ments with 7 TEs spanning 11-200 ms, acquired in sepa-
rate acquisitions. Common sequence parameters between
all spin echo imaging were 10 s TR, 129 x 360 mm field
of view, 46 x 128 matrix size, 8 mm slice thickness, and
a 90° excitation flip angle. Inversion recovery data were
fit to Eq. 2 to determine T,, whereas multiple TE data
were fit to S = A exp(—TE/T,) to determine T».

The experimentally achieved saturation efficiency
(Mactual) was measured in phantoms using saturation
recovery gradient echo images, acquired with one line of
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k-space per saturation pulse, with four images with TS
times (3, 45, 87, and 129 ms) and one image without sat-
uration for a total of five images. Pulse sequence parame-
ters were 15° flip angle, 2.12 ms TE, 180 x 360 mm field
of view, 64 x 128 matrix size, 8 mm slice thickness, and
10 s TR. Signal intensity was fit to Eq. 2 and best-fit
Mapparent Was taken to be MNactual-

SASHA T, mapping was performed using a simulated
heart rate of 60 bpm and other acquisition parameters as
described above. All phantoms were imaged using a
16-element posterior body coil. Ty, T», and mMacruar values
were calculated for each pixel within a region of interest
(ROI) in each phantom using a Levenberg—Marquardt
algorithm.

In Vivo Studies

All subjects provided written informed consent with
study approval from the University of Calgary Conjoint
Health Research Ethics Board. Myocardial and blood T,
values were measured in a mid-ventricular short-axis
slice using SASHA with ECG-triggered diastasis imaging
in a 10-heartbeat end-expiration breath-hold. All in vivo
imaging was performed using a 32-element (16 anterior
and 16 posterior) body coil.

In a postcontrast time-course substudy, SASHA T,
measurements were obtained at baseline and every 1-4
min up to 15 min following a bolus injection of 0.1
mmol/kg gadolinium-diethylenetriaminepentaacetic acid
(Gd-DTPA, Magnevist; Bayer Healthcare, Toronto, Can-
ada) in 19 healthy subjects without a history of heart dis-
ease. Slice thickness was 8-10 mm with other SASHA
acquisition parameters the same as above.

In a patient substudy, nine consecutive heart failure
patients and 10 consecutive healthy control subjects
from an ongoing clinical study of heart failure (Alberta
HEART, Alberta Heart Failure Etiology and Analysis
Research Team) had SASHA T, measurements per-
formed with acquisition parameters as above. T, meas-
urements were obtained at baseline and approximately
25 min following 0.15 mmol/kg gadobutrol (Gadovist;
Bayer HealthCare Pharmaceuticals, Montville, NJ). Stand-
ard phase-sensitive inversion recovery late gadolinium
enhancement imaging (30) was used to identify focal
scaring and a short-axis stack of bSSFP cine images was
used to calculate left-ventricular mass, volume, and ejec-
tion fraction with standard method of disks volumetric
analysis using cmr*? (Circle Cardiovascular Imaging, Cal-
gary, Canada).

In Vivo Image Analysis

Saturation efficiency and T, image analysis was per-
formed offline by a single individual (KC) using MAT-
LAB. A nonrigid image registration algorithm (31) was
used to coregister all 10 images within each SASHA data
set. Endocardial and epicardial borders were manually
traced on the coregistered images with the inferior right
ventricular insertion point identified as a reference point
to divide the myocardium into 18 equal circumferential
segments, corresponding to each of the six mid-
ventricular AHA standardized segments (32) subdivided
into three. Images with ECG mistriggering or residual

2085

motion following coregistration were excluded from
analysis, with T; and \ calculated using the remaining
SASHA images. Segments with artifacts or partial volu-
ming of the myocardium were excluded from further
analysis and segments with focal scarring identified in
late enhancement images (in the patient substudy) were
analyzed separately. An ROI within the left ventricular
cavity was traced for blood pool T; measurements.

The blood-tissue partition coefficient, A, was obtained
by normalizing the tissue contrast concentration to the
blood concentration, where concentration was calculated
using the change in T, from baseline to postcontrast
delivery in both blood and tissue (7):

Ri(myocardium,,,y) — Ri(myocardium

)
pre
Ry (bloodyest) — Ry (blood ) ’

A =

(3]

1
h R =—
where R; T

Myocardial and Blood T Variability

Variability in precontrast T, values was characterized by
calculating a parametric 7, map for all myocardial and
blood pixels using the coregistered SASHA images. The
IQR of pixel T; values in each myocardial and blood ROI
was normalized to the median T, as true “input” T, val-
ues are not known in vivo. These values were compared
with the IQR of normalized T, values from Monte Carlo
simulations.

Inter- and Intraobserver Reproducibility

Myocardial and blood contours for all subjects were
redrawn after at least 1 month by KC at both the precon-
trast and the postcontrast time points (at only 15 min for
time-course subjects) to assess intraobserver variability.
All analysis was repeated by a second observer (RBT) to
assess interobserver variability.

Statistics

Myocardial T;, N\, and T, variability for each subject
was calculated as the average of these values from all
included segments without focal scar in late enhance-
ment imaging. Group values are expressed as mean =
standard deviation. Multiple regression analysis was
used to determine the effects of gender and heart rate
on precontrast myocardial and blood T; values in the
postcontrast time-course substudy population. Student’s
t-tests were used for statistical comparison of N\ and T;
between heart failure and control groups in the patient
substudy. Paired Student’s t-tests were used for statisti-
cal comparison of N and T; between scarred and
remote segments in subjects with focal scarring. Inter-
and intraobserver variability was assessed using the
coefficient of variation (CV) (standard deviation of the
differences divided by the mean) and intraclass corre-
lation (ICC) using a two-way random effects model
with absolute agreement for single measurements. The
distribution of best-fit T, values was tested for normal-
ity using the Lilliefors test. Statistical tests were per-
formed using SPSS version 19 (IBM Software Group,
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FIG. 2. Error in SASHA-derived
T, values with imperfect satura-
tion pulses in the myocardium (a)

and blood (b), calculated using
Bloch  equation  simulations.
[Color figure can be viewed in
the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Somers, USA) with statistical significance set at P <
0.05 for all tests.

RESULTS
Simulations

Figure 1b shows the longitudinal and transverse magnet-
ization from a SASHA Bloch equation simulation with
the following input parameters: no added noise, ideal
saturation pulses, on-resonance, 60 bpm heart rate, 500
ms T, and 180 ms T,, reflecting postcontrast blood
relaxation values. Abrupt changes observed in longitudi-
nal magnetization before and after imaging are owing to
the start-up RF pulses and the «/2 closing pulse, respec-
tively. The large signal variation over each single-shot
acquisition depends on the initial magnetization (deter-
mined by TS) relative to the steady-state value (deter-
mined by T,, T,, and various pulse sequence parameters
(33)).

The transverse magnetization curves from each image
acquisition in the simulation are shown again in Figure
1c, ordered by TS, and scaled in time by a factor of 5 to
fit on the time scale. The best-fit curve of signal inten-
sities at center k-space to Eq. 2 is also shown, with the
calculated T; exactly matching the input T;. The calcu-
lated apparent partial inversion (napparent = 1.05), despite
the use of ideal saturation pulses, is owing to the mag-
netization perturbation by the bSSFP readout, as
described in Appendix. Additional simulations with
ideal saturation and every combination of heart rates,
T;s, T,s, flip angles, and off-resonant frequencies up to
+0.25/TR (+96 Hz), as detailed in the Methods section,
all resulted in best-fit T; errors <0.5%. For off-resonant
frequencies between =0.25/TR and *0.375/TR (*+143
Hz) best-fit T, errors were 5% or less in 99% of simu-
lated parameter combinations, with errors reaching as
high as 8% with flip angles of 90°. Simulations showed
no best-fit T; dependence on flip angle distributions,
resulting from realistic slice excitation profiles, as
expected from Eq. A15.

0.95
Saturation Efficiency (Nacyal)

1 1.05 11

Numerical simulations with nonideal saturation pulses
showed small systematic errors in best-fit T; values,
likely as a result of residual magnetization carried over
between heartbeats. Figure 2 shows T, error as a func-
tion of Macuar @and heart rate for pre- and postcontrast
blood and myocardium, with true T, and T, values as
described for Monte Carlo simulations in METHODS sec-
tion. The magnitude and direction (underestimation or
overestimation) of the errors were different for blood and
myocardium and also different with contrast. T; errors
were mostly insensitive to heart rate, except for precon-
trast blood where larger errors were found at a high heart
rate of 100 bpm. All other errors were less than ~4% for
the range of Macrual = 0.9-1.1.

Figure 3 shows box plots of distributions of normal-
ized best-fit T, errors from Monte Carlo simulations, as a
function of SNR in the nonsaturated SASHA image.
Nearly, all (150 out of 152) combinations of heart rate,
input T,/T, values, and SNR resulted in non-normal dis-
tributions as determined by the Lilliefors test, with
increasing skewness at lower SNRs and visualized by the
unequal halves of boxes in Figure 3. However, for SNR
values >50 at a heart rate of 60 bpm, distributions were
approximately normal and the CV could be approxi-
mated as normalized IQR divided by 1.35 with an error
of <1% from the true CV. Median and IQRs for simula-
tions of precontrast myocardium and blood are replotted
in Figure 4 to allow for better visualization of bias and
variability as a function of SNR. The IQR (variability)
increased with decreasing SNR, but is overall larger in
precontrast simulations, particularly in the blood at
higher heart rates. Nonzero median T, errors indicate
systematic overestimation of best-fit T; values following
a similar trend, with appreciable overestimation in base-
line blood T, values at 100 bpm and an SNR of 20 in the
nonsaturated SASHA image.

Phantom Experiments

The mean and standard deviation of T, and T, values
calculated from the reference spin-echo experiments for
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FIG. 3. Box-and-whiskers plot of Monte Carlo simulations results using T4/T, values representing myocardium (left) and blood (right) at
baseline (top) and 15-min postcontrast (bottom) as a function of SNR values in nonsaturated image. Plotted boxes indicate the median
and IQR, whereas whiskers indicate the nonoutlier bounds (furthest data points within 1.5 IQR of the upper and lower quartiles). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

all phantoms are listed in Table 1. Phantoms 1-8 had T;
and T, values similar to in vivo myocardial tissue,
whereas phantoms 9-14 had values similar to blood.
Bland—-Altman analysis of SASHA T, values compared
to gold standard spin-echo T, values showed a small
positive bias of 5 = 5 ms with no significant trend.
Errors in SASHA T, values did not show significant cor-
relation with absolute T, or T, values. Excellent satura-
tion efficiency was obtained in the phantoms, with a
measured Macual 0f 0.995 = 0.004 over pixels within all
14 phantoms.

In Vivo Studies

Two heart failure patients were excluded for poor image
quality; all remaining subjects from both time course and
patient substudies had analyzable SASHA T, data. One

excluded patient had ghosting artifacts that obscured the
majority of the left ventricle, and the second patient had
severe ECG mistriggering. Patient characteristics and
imaging results for remaining subjects are summarized in
Table 2.

Breath-holds averaged 10 * 2 s and were well tolerated
in all subjects. ECG mistriggering or motion uncorrectable
by image registration resulted in the exclusion of 8 out of
2730 images in 273 analyzed SASHA data sets. The pres-
ence of artifacts resulted in the exclusion of 3% of seg-
ments in the postcontrast time-course substudy subjects,
and 9% in controls and 8% in heart failure patients in the
patient substudy. In total, 67% of excluded segments were
located in the anterior or inferolateral regions. The most
common reason for segment exclusion was partial volu-
ming of the myocardium although occasional ghosting
over the myocardium was also found in larger subjects.


wileyonlinelibrary.com

2088

Pre-contrast Myocardium

Chow et al.

Pre-contrast Blood

S 4} -\ — 60 bpm ||
55 \ —— 100 bpm
5 \

33
U
s &

©

£

A

[}

. N
a
5 gzs
u —_
= gzo
P}

@ 13

=5

| =

2"

S=

& E 5

[T

£ O

=S, A S S S N SR S SR SR S S
20 30 40 50 60 70 80 90 100 110 120 20 30 40 50 60 70 80 90 100 110 120

c SNR (Non-saturated Image) d SNR (Non-saturated Image)
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and blood (right). Plotted data points indicate the measured normalized IQR from in vivo data and the corresponding SNR and median
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Positive late enhancement was found in 16% of segments
for the heart failure patients and not found in any seg-
ments for the control subjects.

Figure 5a shows images at several TS times in a
healthy subject precontrast along with myocardial seg-
mentation contours. Good blood-tissue contrast is seen
in the nonsaturated image, but with reduced contrast at
the endocardial border in saturation prepared images,
typical of precontrast imaging. A typical best-fit recovery
curve from a mid-septal segment is shown in Figure 5b
alongside a bull’s-eye plot representing all myocardial
and blood pool T, values from ROI analysis (Fig. 5c). A

Table 1
Ty and T, Values of Agarose Phantoms, as Determined by Spin
Echo and SASHA

Spin- Eecho

SASHA
Phantom number T> [ms] T; [ms] T; [ms]
Myocardial-like
1 47.4 = 0.2 1142 = 4 1142 = 19
2 58.0 + 0.4 1154 = 4 1159 = 17
3 65.0 = 0.6 1151 = 5 1164 = 22
4 745 = 0.3 1154 = 4 1160 = 15
5 46.2 = 0.3 963 *+ 4 966 *+ 18
6 452 + 0.4 738 =+ 3 741 = 14
7 44.0 = 0.3 602 = 3 605 = 13
8 50.0 = 0.3 342 = 2 344 = 8
Blood-like
9 172.4 = 0.9 1470 = 6 1466 *= 23
10 117.8 = 0.4 279 = 1 279 = 5
11 165.5 + 0.6 435 + 1 440 £ 5
12 189.4 = 0.7 606 + 2 611 =9
13 177.6 = 0.9 832 + 3 848 = 16
14 187.4 = 0.9 991 = 3 997 + 18

difference in best-fit napparent between myocardial and
blood recovery curves is owing to their difference in T,
and T, values as described in Appendix. A pixel-by-
pixel parametric 7; map is shown in Figure 5d. The
average myocardial T; value of the 18 circumferential
segments (1175 *= 32 ms) was similar to the average T,
value of individual pixels over entire myocardium (1179
+ 58 ms).

SASHA images in a heart failure subject 33 min follow-
ing contrast (Fig. 6a) show good blood—tissue contrast in
all images, typical of postcontrast imaging. Reduced post-
contrast myocardial T; values in a bull’s-eye plot (Fig. 6b)
and pixel T, map (Fig. 6¢) correspond to the transmural
ischemic pattern scar in the inferior wall of the corre-
sponding late enhancement image (white arrow, Fig. 6d).

The average normalized IQR of T; values within myo-
cardial ROIs, excluding segments with artifact or positive
late enhancement, was 8.8 * 2.8% over all subjects
(Table 2), with less variability in healthy subjects than
heart failure patients. T; variability was less in the blood
pool than in the myocardium, with an average normal-
ized IQR of 7.3 * 2.7% over all subjects.

Postcontrast Time-Course Substudy

The time course of blood T3, myocardial T,, and A values
after contrast injection is shown in Figure 7. The mean
and standard deviation for all values are shown in 1-min
intervals after contrast injection. Derived X\ shows no sig-
nificant trend from 5 to 15 min with an average value of
0.38 * 0.01, whereas blood and tissue T,s increase con-
siderably by 29 and 17%, respectively, over the same
interval.

Baseline blood T, values from the time-course sub-
study were not significantly related to heart rate when
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Table 2
Subject Characteristics
Patient
sub-study
Time-course Heart
sub-study Control failure
Male/Female 11/8 6/4 6/1
Age (years) 28 + 6 54 + 6 65 +9
Weight (kg) 73 = 14 83 + 20 87 = 17
Heart rate (bpm) 65 = 11 63 = 8 71 + 18

Left ventricle

End-diastolic 65 =9 96 = 33
volume (mL/m?)
End-systolic 24 = 4 57 + 31
volume (mL/m?)
Stroke volume (mL/m?) 41+ 6 39 +
Ejection fraction (%) 63 = 4 43 =10
Myocardial Ty (ms)
Baseline 1174 £ 27 1170 £+ 9 1200 = 342
Post 0.1 mmol/kg 720 * 48
Gd-DTPA
Post 0.15 mmol/kg 568 + 40 538 + 32
gadobutrol
Blood T; (ms)
Baseline 1655 + 86 1613 = 93 1678 = 127
Post 0.1 mmol/kg 498 *+ 42
Gd-DTPA
Post 0.15 mmol/kg 335 + 44 340 + 37
gadobutrol
Normalized IQR (%)
Baseline myocardial Ty 7.2 £1.9 7.8 21 11.0*+ 4.6
Baseline blood T4 54+15 55*+15 85=*32
Postcontrast time (min) 15 £1 24 =2 28 = 4

0.38 + 0.04 0.38 = 0.02 0.42 = 0.04°

LV = left ventricle; Gd-DTPA = gadolinium diethylenetriaminepenta-
acetic acid. Reported LV volumes are indexed to body surface area.
Gtatistical difference (P < 0.05) between the patients with heart
failure and the control population.

Partition coefficient (\)

controlling for gender from multiple regression analysis.
However, a significant difference in baseline blood T,
values was found between men (1605 * 65 ms) and
women (1724 = 62 ms) when controlling for heart rate
(mean 64 = 13 bpm; range, 45—-90 bpm). Baseline myo-
cardial T, values showed no significant difference with
gender or heart rate.

Heart Failure Substudy

Heart failure patients had reduced systolic function,
larger end-diastolic volumes, and larger end-systolic vol-
umes. Compared to controls, remote myocardial seg-
ments without focal scarring in heart failure patients had
statistically higher precontrast myocardial T, values and
increased \, but postcontrast myocardial T; values were
not statistically different (Table 2). In the four subjects
with late enhancement focal scarring, scarred segments
had statistically significantly higher precontrast myocar-
dial T, values (1292 *+ 33 vs. 1214 = 34 ms), lower post-
contrast myocardial T, values (483 * 25 vs. 534 = 25
ms), and significantly increased \ (0.54 = 0.07 vs. 0.42
+ 0.04) compared to nonscarred segments.
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Inter- and Intraobserver Reproducibility

Myocardial and blood T; measurements had excellent
inter- and intraobserver coefficients of variation of <2.6%
and ICCs of 1.00 for all. The derived partition coefficient
(N\) had slightly higher inter- and intraobserver CV of 4.7
and 4.9%, respectively, and an ICC of 0.90 for both.

DISCUSSION

This study has described and validated a simple and
accurate approach to blood and myocardial T; mapping
that can be performed in a single 10-heartbeat breath-
hold. Based on the numerical simulations and phantom
experiments, the accuracy of SASHA T, values is inde-
pendent of absolute T, T», heart rate, flip angle, and off-
resonant frequencies up to 96 Hz. Furthermore, best-fit
T, values do not require a correction factor to account
for magnetization attenuation by the imaging readout.

Myocardial and Blood T, Values

Baseline myocardial T, values in healthy subjects
showed similar variability as other T; mapping techni-
ques with an overall myocardial standard deviation of
+22 ms between subjects. Myocardial T, values in
healthy subjects with SASHA (1174 *+ 27 ms) are slightly
lower than the previously reported values with a satura-
tion recovery FLASH sequence (1219 = 72 ms (23)) but
considerably higher than values with MOLLI sequences
(939 = 24 ms (15), 947 ms (5), and 966 * 48 ms (16)).

Baseline blood T; values in the time course and con-
trol subjects (1639 * 97 ms) are also higher than the pre-
viously reported values using MOLLI (1518 ms (5)) and
saturation recovery FLASH (1516 = 21 ms (23)) sequen-
ces. Measurement of blood T; in these studies as well as
in this study was performed within the left ventricular
cavity where inflow errors may arise. In MOLLI sequen-
ces, the delay of several heartbeats between inversion
and imaging for long TI images may cause distant nonin-
verted blood to be imaged, resulting in an apparent
decrease in T; values. Shorter TS times used in SASHA
reduce the likelihood of nonsaturated blood being
imaged, and thus inflow errors are expected to be dimin-
ished. Additionally, the previous studies have reported a
considerable range of blood T; values in healthy subjects
with a negative relationship between hematocrit and T,
(34,35). This is consistent with the data from the time-
course subjects in this study, where females had higher
blood T, values compared to men (1724 * 62 ms vs.
1605 = 65 ms), likely as a result of the lower hematocrit
values expected in women.

The difference in blood T, values between the SASHA
and MOLLI sequences is consistent with a known
4-10% MOLLI T; underestimation in phantoms studies,
with larger T, errors found at longer absolute T; values
(14-16). The even larger difference in myocardial T; val-
ues can also be partially explained by the previous
reports of greater MOLLI T, underestimation in short T,
tissues such as the myocardium (20,21). However, almost
20% discrepancy observed for in vivo myocardial T; val-
ues requires further investigation. MOLLI sequences are
also known to have heart rate dependencies that change
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FIG. 5. Ty mapping in a healthy time-course substudy subject before gadolinium contrast. a: SASHA images from a short-axis slice at
various saturation recovery times along with myocardial (dashed circles) and blood contours (solid circle), inferior right ventricular inser-
tion point (black arrow), and circumferential segmentation (dashed lines). b: Signal intensities from a septal segment (blue rectangle in
(@)) and the blood pool ROI. Plotted circles and vertical lines indicate mean and *2 standard deviations of signal intensities (in scanner
units) within each ROI, respectively. Best-fit curves of Eq. 2 are also shown. ¢: T4 values in the myocardium (circumferential segments)
and blood pool (central circle). Black arrow indicates inferior right ventricular insertion point in (a, ¢, and d). d: Parametric T4 map. Color
map legend is matched between (c) and (d).
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FIG. 6. Ty mapping in a heart failure subject 33 min following contrast. a: SASHA images at various saturation recovery times with
hyperintensity visible in the inferior wall (white arrow). A bull’s-eye plot (b) of myocardial (circumferential segments) and blood (central
circle) T values and parametric Ty map (c) both show reduced myocardial T4 values in the inferior wall. d: Late gadolinium enhance-
ment image showing transmural ischemic pattern scarring in the inferior wall (white arrow).
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FIG. 7. Postcontrast time course of myocardial T, blood T4, and
partition coefficient (\) in 19 healthy volunteers. Vertical lines rep-
resent two standard deviations above and below average values
at each time point. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

with the sampling scheme employed (5,16) although cor-
rection algorithms have been proposed (36). By compari-
son, the accuracy of SASHA T; values has been shown
to be independent of absolute T,s, T,s, flip angle, and
heart rates.

Partition Coefficient

In the postcontrast time-course subjects, N remained con-
stant, whereas myocardial and blood T, values increased
with imaging time after contrast delivery as gadolinium
was cleared from the blood and tissue. Insensitivity of \
with imaging time is consistent with the previous stud-
ies (4,5,11) and confirms \ as a more robust metric of the
underlying extracellular volume fraction than postcon-
trast myocardial T, values alone. The dependence of
postcontrast blood and tissue T; on measurement time
observed in this study likely contributes to the lack of
statistical significance in postcontrast myocardial T; val-
ues between the heart failure and the control group,
despite a statistically higher \ in patients (Table 2). In
particular, the later postcontrast imaging time in patients
would result in an increase in postcontrast myocardial
T, values that is independent of \.

Heart failure patients had significantly higher \ in
scarred segments compared to remote myocardium, con-
sistent with replacement fibrosis, and higher A in remote
myocardium than controls, consistent with increased
interstitial fibrosis expected in heart failure (26). Calcu-
lated N was also similar in the healthy time-course and
control populations, despite potential differences in
myocardial T, values expected owing to dissimilar con-
trast agents, contrast dosage, and imaging times after
contrast. However, direct comparison of these groups is
confounded by age differences, as N has been shown to
change with age (18).

SASHA-derived A-values for healthy subjects in this
study (0.38 = 0.04) are smaller than the previously
reported values of 0.41 = 0.06 using an IR-FLASH tech-
nique at 3T (11) and 0.43 = 0.03 using a hybrid MOLLI
technique with gadoteridol (5). Although X reflects a
physiologic parameter that is ideally independent of
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measurement technique, comparisons of N between stud-
ies are difficult owing to the propagation of sequence-
dependent T; errors to the derived A. In particular, T,-
dependent errors in MOLLI-derived T, values may result
in systematic T; errors that are different in blood and
myocardium owing to their different T, values. Also,
although N\ was similar between the two contrast agents
used in this study, this may not hold true for all
gadolinium-based contrast agents. Finally, reported
changes in contrast agent relaxivity with field strength
(37) may further confound direct comparisons.

Inter- and Intraobserver Reproducibility

Myocardial and blood T, measurements had low inter-
and intraobserver coefficients of variation and excellent
ICCs, similar to the previously reported values for MOLLI
(38). Higher CVs and lower ICCs for the derived partition
coefficient may be related to the reduced range of values
for N compared to the large range of T; values found pre-
and postcontrast. ICCs for \ in this study were better than
those previously reported for a study using the MOLLI
sequence, where ICC was 0.82 wusing gadolinium-
benzyloxypropionictetra-acetate (BOPTA) and 0.63 using
Gd-DTPA (39). In all cases, the reproducibility CVs in this
study were approximately half the variation found in each
value for the healthy population.

Image Quality

A small percentage of myocardial sectors were excluded
from the analysis owing to unclear boundaries of the
myocardium with neighbouring blood or epicardial fat,
both of which have greatly different T values than myo-
cardium. In ROI-based analysis where SNR is less of a
limitation, reducing slice thickness may be useful by
reducing partial voluming effects. As with any sequence
using a bSSFP readout, occasional image artifacts includ-
ing ghosting and banding were present, with one SASHA
data set unanalyzable owing to artifacts. Banding arti-
facts are exacerbated in the presence of metallic implants
or poor shimming and result in complex changes to sig-
nal intensities that may produce unreliable SASHA T,
values. In the time-course data, the overall segment
exclusion rate of 4% was comparable to 3% of exclusion
rate reported for MOLLI (17), which is not surprising,
given the similarity in single-shot bSSFP readouts used
in both sequences.

T, Variability and Pulse Sequence Limitations

The normalized IQR (divided by median) is a metric of
in vivo variability that includes the effects of SNR as
well as other factors such as residual image misregistra-
tion from motion despite image registration and physio-
logic spatial variability in T,, particularly in the patient
population. At sufficiently high SNRs where the distri-
bution of T, error is approximately normal, the CV is
approximately equal to normalized IQR divided by 1.35.
The average measured myocardial normalized IQR of
8.1% is thus approximately equivalent to a CV of 6.0%,
comparable to the previously reported CVs of 6-8% for
MOLLI in vivo (14,16).
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In the worst case scenario where T, variability is
owing entirely to noise alone, the Monte Carlo simula-
tion results can be used to estimate lower bounds for
SNR in the nonsaturated image using Figure 4. The aver-
age normalized IQR of 8.1 * 3.0% in the myocardium
and 6.0 = 2.3% in the blood measured in vivo corre-
spond to a minimum myocardial SNR of 49 and blood
SNR of 74 at a heart rate of 60 bpm (marked data points,
Fig. 4). A similar myocardial SNR value of 46 has been
reported using a single-shot bSSFP readout (40). How-
ever, the use of smaller voxels and a T, preparation
pulse in this referenced study suggests that higher SNR
values are achievable.

At these estimated lower bounds of SNR for our study
groups, Monte Carlo simulation results suggest that sys-
tematic overestimation of T, values is <0.5%, even at a
heart rate of 100 bpm (Fig. 4). However, SNR may be
diminished if flip angle is reduced owing to SAR limita-
tions, if receiver coils are farther away from the myocar-
dium in larger subjects, or other practical limitations in
clinical settings. At low SNR values, SASHA T; values
will be unreliable owing to systematic overestimation
and increased variability as shown in Figure 4. Figure 4
can also be used to determine the minimum SNR
required to attain a desired level of precision and accu-
racy in SASHA T, values. For example, if the normal-
ized IQR is to be kept below 15% (equivalent to an 11%
CV), with median error of <1% in the myocardium, a
minimum SNR of 40 in the nonsaturated SASHA image
must be attained.

Systematic overestimation at low SNR values is likely
related to the Rician distribution, where the signal inten-
sity in short TS time images is increased owing to the
magnitude image reconstruction. It is possible that
phase-sensitive reconstruction of SASHA images could
therefore reduce systematic bias at low SNR values, as
low signal intensities with noise would follow an
unbiased Gaussian distribution instead.

Nonideal saturation pulse efficiency (nactual) Or incom-
plete spoiling may result in systematic errors in SASHA
owing to the memory effect of incomplete saturation,
and the SASHA sequence could also potentially be made
more robust with the use of alternate saturation prepara-
tion pulses. However, nearly ideal saturation was meas-
ured in all phantoms, and a similarly robust in vivo
saturation efficiency with a three-pulse composite satura-
tion has been previously demonstrated at 3T (41). There-
fore, the dependence on maqua is not a practical
limitation of the SASHA method.

As a bSSFP-based sequence, SASHA is sensitive to
off-resonant frequency errors although simulations
showed negligible best-fit T; errors for off-resonant fre-
quencies from +96 Hz, which is 2.7 times the reported
peak-to-peak variation of 70 Hz found across the myo-
cardium at 1.5T (42). However, larger errors were
found when off-resonance reached =+0.36/TR (*137
Hz), which may be more likely at higher field strength
as variations of up to 130 Hz have been reported at 3T
(43). In these and other cases where off-resonance may
be an issue, reducing the TR increases the range of
absolute off-resonance frequencies where SASHA has
minimal errors.
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Study Limitations

Our study is limited by relatively small numbers of sub-
jects imaged, particularly in the heart failure substudy.
Although our results are consistent with the previous
findings, further studies are needed to better characterize
changes found in heart failure. Direct comparisons of
SASHA to standard MOLLI sequences were not made in
this study but are the subject of ongoing research.

As with the previous studies with in vivo calculations of
the blood-tissue partition coefficient, this study makes sev-
eral common assumptions about contrast agent kinetics.
First, the contrast agent relaxivity is assumed not to differ
between blood and tissue and thus cancels out in the calcu-
lation of N\ although there is evidence to suggest that this
may not hold true at higher field strengths (37). Second, it is
assumed that contrast concentration between the blood and
the tissue has reached equilibrium in all postcontrast meas-
urements. Simulations have shown blood-tissue concentra-
tion equilibrium is reached 3 min after a contrast bolus for
tissue blood flow above 0.5 mL~min71~g71 (11), and a study
comparing bolus contrast administration to a continuous
infusion of contrast agent has shown similar \ values
between them (5). However, it is possible that lower calcu-
lated A values in this study for the time-course substudy
before the 3-min mark are owing to nonequilibrium condi-
tions. Finally, it is assumed that water exchange between
tissue compartments is in the fast exchange regime (44).

In general, N provides only a measure of extracellular
volume fraction and not fibrosis itself. The extracellular
volume fraction can be better estimated by correcting the
partition coefficient for the blood hematocrit (7) although
this was not available for subjects in this study.
Although postcontrast myocardial T;, \, and extracellu-
lar volume fraction have been correlated with fibrosis in
patients following heart transplantation (2) and with
hypertrophic cardiomyopathy (3), other disease proc-
esses that increase extracellular volume would also pres-
ent as reduced postcontrast myocardial T, increased N\,
and increased extracellular volume fraction.

CONCLUSIONS

The proposed SASHA sequence allows for simple and
fast in vivo measurements of myocardial and blood T
values. Numerical simulations suggest that the accuracy
of measured T, values is independent of absolute Ty, Ty,
heart rate, and flip angle, and spin echo experiments
verified its accuracy in phantoms with physiologic T,
and T, values. Potential sources of error include off-
resonance, incomplete saturation preparation, and low
SNR, which result in increasing variability and overesti-
mation of T;. SASHA is an excellent candidate for future
T, mapping applications, but further studies and com-
parisons with existing T; mapping sequences need to
establish their robustness in clinical patient populations.

APPENDIX

Origin of Apparent Changes in Saturation Efficiency in
SASHA

The measured signal intensity in each saturation recov-
ery single-shot acquisition (SASHA) image is determined
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by a combination of saturation recovery preparation and
the balanced steady-state free precession balanced
steady-state free precession readout.

Saturation Recovery Preparation

The longitudinal magnetization for each SASHA image
after saturation recovery preparation is characterized by
a three-parameter exponential recovery curve:

M(O) =1- nactualei(T87A>/Tl [A1]

where

MNactual 18 the saturation efficiency (Macuas = 1 for per-
fect saturation).

TS is the conventional definition of saturation recov-
ery time, from the end of the saturation pulse to the cen-
ter of k-space.

A is the time from the start of imaging to the center of
k-space.

(TS-A) is the time from the end of the saturation pulse
to the start of imaging.

For the nonsaturated image in SASHA, M(0) = 1.

Eq. A1 can be rewritten as:

—(TS—A)/T
=1- MNactual © ( /T
A/T,—TS/T

1 ~ Mactual © /T /T

M(O) =1- (eA/Tl )T]actl_lalf_:ﬁTS/T1 [AZ]

The offset factor A may also be expressed in terms of

balanced steady-state free  precession sequence
parameters:

A= (n—1)TR+TE [A3]
where

n is the number of RF pulses to the center of k-space.
TR is the repetition time.
TE is the echo time.

Effect of Balanced Steady-State Free Precession Readout

The signal intensity (magnitude of the transverse mag-
netization) of a spin-system after n RF pulses in a bal-
anced steady-state free precession experiment may be
approximated in the on-resonance case as (45):

S(n) = [sin @)M(O) - Mss} A + Mss [A4]
where
N = E,sin? (%) + E;cos? (%) [A5]
Ey, =e WM [A6]
Ms VE2(1 — E;)sina (A7]

- 1— (E1 — Ez)COSOL — E1E2 ’

Mss is the steady state magnetization
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M(0) is the starting longitudinal magnetization after
saturation recovery preparation.

TR is the repetition time.

a is the flip angle.

Eq. A4 can be rewritten in terms of the starting mag-
netization as:

S(n) = [sin (%)M(O) — Mgs |\ + Mss

S(n) = sin (%) NTM(0) + [1 — N Msg

S(n) = aM(0) + b [A8]

where
a = sin (%) N [A9]
b=[1—\]Mss [A10]

and a and b are constants determined by Ty, T, TR, flip
angle, and n, the number of RF pulses to the center of
k-space.

Equations A2 and A8 can be combined to yield the sig-
nal at the center of k-space, S, in terms of the three-
parameter exponential recovery model:

S=aM(0)+b
S= H[l - (6 A/T1)T|alctual677‘5/7‘1] +b

S=a+b- a(eA/T1 )T]actualeiTS/T1

a _
S= (a + b) |:1 - m <6 A/Tl)”r]actual(';’ TS/T1:|

S=A(1- napparenteiTS/Tl) [A11]
where
A=a+b [A12]
a /
MNapparent = (a T be A/T1>"'lacmal [A13]

The apparent saturation efficiency (mapparent) thus reflects
not only the actual saturation efficiency (Mactual), but is
also influenced by T;, T, and pulse sequence parameters,
as given by Eqs. A3, A5, A6, A7, A9, and A10.

Effect of a Flip Angle Distribution

A realistic slice excitation profile contains a distribution
of flip angles and the total signal is a weighted sum of
SASHA experiments performed with different flip
angles. This can be represented as:

S/ = i WiSi
i=1

where there are n experiments indexed by i, each with a
different flip angle, and w; are the weighting coefficients

[A14]
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that define the flip angle distribution. The signal inten-
sity for each flip angle experiment is described by Eq.
A11, where Mapparent i flip angle dependent, whereas the
exponential term, exp(—TS/T), is not. Equation A14 can
be rewritten as:

S = Z wj [Ai(l - napparentieiTS/T] )]
S = ZW]’A}' - (Z W,'Amapparemi> e 18/

S — ZWiAi I:l _ (E WiAinapparenti>e_Ts/T1:|

ZW,‘A,‘
S = A,(l - n,apparenteiTS/Tl) [A15]
where
A= "wiA [A16]
> WiAMapparent;
n/apparent = ZT?[}X)?EM [A17]
i

Therefore, the total signal intensity from a SASHA
experiment with a flip angle distribution can still be rep-
resented by a three-parameter exponential recovery
model.
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