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Abstract

This study was conducted to improve the precision of arrhythmia-insensitive-rapid (AIR) cardiac
T4 mapping through pulse sequence optimization and then evaluate the intra-scan repeatability in
patients at 3T against investigational Modified Look-Locker inversion recovery (MOLLI) T4
mapping. In the first development phase (5 human subjects), we implemented and tested centric-
pair k-space ordering to suppress image artifacts associated with eddy currents. In the second
development phase (15 human subjects), we determined optimal flip angles to reduce the
measurement variation in T1 maps. In the validation phase (35 patients), we compared the intra-
scan repeatability between investigational MOLLI and optimized AIR. In 23 cardiac planes,
conventional centric k-space ordering [3.7%] produced significantly (p < 0.05) more outliers as a
fraction of left ventricular cavity area than optimal centric k-space ordering [1.4%]. In 15 human
subjects, for each of 4 types of measurement (native myocardial T, native blood T+, post-contrast
myocardial T4, post-contrast blood T+), flip angles 55-65° produced lower measurement variation
while producing results that are not significantly different with those produced by previously used
flip angle 35° (p > 0.89, intra-class correlation coefficient = 0.95 for all 4 measurement types).
Compared with investigational MOLLI (coefficient of repeatability = 40.0, 77.2, 26.5, and 25.9 ms
for native myocardial, native blood, post-contrast myocardial, and post-contrast blood T4, and
2.0% for ECV measurements, respectively), optimized AIR (coefficient of repeatability = 54.3,
89.7, 30.5, and 14.7 ms for native myocardial, native blood, post-contrast myocardial, and post-
contrast blood T4, and 1.6% for ECV measurements, respectively) produced similar absolute intra-
scan repeatability in all 35 patients in the validation phase. High repeatability is critically
important for longitudinal studies, where the goal is to monitor physiologic/pathologic changes,
not intra-scan repeatability. Optimized AIR cardiac T mapping is likely to yield high scan-retest
repeatability for pre-clinical and clinical applications.
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This study was conducted to improve the precision of AIR cardiac T1 mapping through k-space
ordering and flip angle optimization. Rigorour evaluation in 35 patients show that investigational
MOLLI and optimized AIR produce similar intra-scan repeatability as shown below. Optimized
AIR cardiac T1 mapping is likely to yield high test-retest repeatability for pre-clinical and clinical

applications.
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Introduction

While biopsy is the current standard test for assessment of myocardial fibrosis, it is often
impractical for the following reasons: (i) invasive procedure with risk of complications, (ii)
susceptibility to sampling errors, and (iii) specimens obtained from the right ventricular
septum may not represent the left ventricle (LV). Recent advancements in cardiovascular
MRI, specifically cardiac longitudinal relaxation time (T1) mapping (1-3) or extracellular
volume (ECV) fraction (3-8) mapping, has overcome the aforementioned limitations with
biopsy and generated significant interest in the concept of “non-invasive biopsy” (9).

Currently, there are several investigational cardiac T; mapping pulse sequences reported in
literature, including Modified Look-Locker inversion recovery (MOLLI) (10), Shortened
Modified Look-Locker inversion recovery (ShMOLLI) (11), saturation-recovery single-shot
acquisition (SASHA) (12, 13), modified Look-Locker acquisition with saturation recovery
(MLLSR) (14), saturation method using adaptive recovery times for cardiac T, mapping
(SMARTTMap) (15), saturation pulse prepared heart rate independent inversion recovery
(SAPPHIRE)(16), and arrhythmia-insensitive-rapid (AIR)(17). In general, saturation-
recovery based T1 mapping pulse sequences produce higher accuracy than inversion-
recovery based T1 mapping pulse sequences, whereas inversion-recovery based T mapping
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pulse sequences produce higher precision than saturation-recovery based T, mapping pulse
sequences (18). Saturation-and inversion-recovery based T1 mapping pulse sequences
produce different T measurements (13, 16, 19); as well as ECV because systematic biases
for native (large) and post-contrast (small) T, measurements are different. This implies that
investigators need to establish pulse sequence specific ECV cutoff values for distinguishing
between normal and pathologies.

Among these investigational pulse sequences, AIR with a scan time of only 2 heart beats is
particularly promising for imaging patients with rapid heart rates, arrhythmia (e.g., atrial
fibrillation), and/or reduced breath-hold capacity (e.g., critically ill, advanced heart failure
with pulmonary edema). AIR is an accurate method because it uses a robust saturation radio-
frequency pulse (20) for T, weighting (18) and the Bloch equation describing an ideal
saturation recovery of magnetization to calculate T4, which is a valid first-order
approximation because it uses centric k-space ordering. Because AIR acquires only one
proton density weighted image and one T4 weighted image for speed, it produces lower
precision than other cardiac T1 mapping pulse sequences which acquire multiple T
weighted images over considerably longer scan times. In the context of longitudinal studies,
high repeatability is critically important because the goal is to measure temporal changes
due to pathophysiology, not measurement variability.

As an important first step towards pre-clinical and clinical applications of AIR, we sought to
improve the precision of AIR cardiac T, mapping pulse sequence through flip angle and k-
space optimizations and then compare the intra-scan repeatability in patients against
investigational MOLLI.

This study describes three separate experiments that were conducted to increase the
precision of AIR and compare the intra-scan repeatability between investigational MOLLI
and optimized AIR in patients. For technical refinements for increasing precision, we
conducted two separate experiments to suppress image artifacts through k-space ordering
optimization and decrease the measurement variation through flip angle optimization. For
rigorous evaluation in vivo, we compared the intra-scan repeatability between investigational
MOLLI and optimized AIR in 35 patients who are scheduled to undergo clinical
cardiovascular MRI.

Human Subjects—This study enrolled 55 human subjects in total as follows. For the first
technical experiment on optimizing k-space ordering, we imaged 5 subjects (4 patients and 1
volunteer; 3 males, 2 females, mean age = 30.5 £ 19.6 years). For the second technical
experiment on flip angle optimization, we imaged 15 human subjects (4 volunteers and 11
patients; 11 males, 4 females, mean age = 46.4 + 14.8 years). For the third experiment on
evaluating intra-scan repeatability, we imaged 35 patients (23 males, 12 females, mean age =
59.8 + 13.6 years) who were scheduled to undergo clinical cardiovascular MRI. While the
patients had mixed etiologies, none of them had prior history of myocardial infarction,
which was later confirmed with late gadolinium-enhanced (LGE) MRI. Note that the exact
etiologies are not important to this study. Blood was drawn from 35 patients immediately
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before the clinical MR exam for hematocrit calculation. Human imaging was performed in
accordance with protocols approved by our Institutional Review Board; all subjects provided
written informed consent.

MRI Hardware—MRI was conducted on a 3T whole-body MRI scanner (\erio, Siemens
Healthcare, Erlangen, Germany) equipped with a gradient system capable of achieving a
maximum gradient strength of 45 mT/m and a slew rate of 200 T/m/s. Radio-frequency (RF)
excitation was performed using the body coil. Standard receiver coil arrays (typically 12-
elements total) were employed for signal reception.

Pulse Sequence—-Briefly, an AIR cardiac T, mapping pulse sequence consists of two
single-short image acquisitions in the following order: proton density weighted image in the
first heart beat and T4 weighted image in the second heart beat (see Fig.3 in (17)). We
implemented an AIR cardiac T1 mapping pulse sequence with balanced steady-state free
precession (b-SSFP) readout with the following relevant imaging parameters: field of view =
340 mm x 255 mm (phase-encoding), image acquisition matrix = 192 x 144 (phase-
encoding), TR = 2.7 ms, TE = 1.1 ms, spatial resolution = 1.8 mm x 1.8 mm, slice thickness
= 8 mm, generalized autocalibrating partially parallel acquisitions (GRAPPA)(21)
acceleration factor 1.8, receiver bandwidth = 930 Hz/pixel, saturation-recovery time delay
(TD) = 600 ms, temporal resolution = 217 ms, and 30 dummy RF pulses with amplitude
envelope in the shape of a Kaiser Bessel function (17). AIR cardiac T mapping acquisition
was performed with breath-hold duration of 2-3 heart beats (depending on heart rate) and
within “normal” specific absorption rate (SAR) limit (2 W/kg) with a 3-second cool down
period.

Investigational 3-3-5 MOLLI cardiac T, mapping pulse sequence (Siemens WIP #448) was
performed with identical spatial resolution, receiver bandwidth, and parallel imaging factor
as AIR. Notable MOLLI imaging parameters include FA = 35°, first TI = 133 ms, and Tl
increments = 80 ms (as inputs to the user interface). We note that 3-3-5 MOLLI acquires 11
T4 weighted images over 17 heartbeats, as previously described (10).

Experiment 1: k-space Ordering Optimization

Original AIR cardiac T mapping calculates T4 based on the Bloch equation describing an
ideal saturation recovery of magnetization because it uses a centric k-space ordering (17).
Unfortunately, centric k-space ordering in b-SSFP readout is known to be sensitive to eddy
currents arising from alternating positive and negative phase-encoding steps (22). In this
study, we employed "paired" consecutive phase-encoding steps in centric k-space ordering
(22)(a.k.a. centric-pair) to suppress image artifacts associated with eddy currents (23). We
note that centric-pair k-space ordering does not alter the signal equation used to calculate T+,
since in both centric and centric-pair k-space orderings the first radio-frequency excitation is
used to acquire the center of k-space (see Figure 1). We also note that identical 30 dummy
radio-frequency pulses are used for centric and centric-pair k-space orderings, so their
difference in artifact is unrelated to signal oscillation on the approach to steady-state of
magnetization.
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For each of 5 subjects, we imaged 5 cardiac planes (apical short-axis, mid-ventricular short-
axis, basal short-axis, 2-chamber long-axis, 4-chamber long-axis) using two different centric
k-space ordering acquisitions with previously described flip angle of 35°. This experiment
was conducted without administration of contrast agent, as eddy currents are not influenced
by gadolinium. We regret that in one subject, we accidentally acquired only 3 cardiac (1
short-axis and 2 long-axis) planes. As such, this experiment yielded 23 cardiac planes in
total. The objective of this experiment was to determine which centric k-space orderings
produce fewer image artifacts induced by eddy currents. We then used the specific centric k-
space ordering that produced fewer image artifacts for experiment 2.

Experiment 2: Flip Angle Optimization

For each of 15 subjects, we performed AIR cardiac T mapping in a mid-ventricular short-
axis plane with flip angles ranging from 25-65° (10° steps), where 65° was the maximum
value allowed within the SAR limit at 3T. AIR T4 mapping was performed pre-contrast and
15-30 min after administration of 0.15 mmol/kg of gadobenate dimeglumine (MultiHance,
Bracco, Milan, Italy). The wide range in delayed imaging time (15-30 min) in patients was
not by design, but it was unavoidable due to higher priority given to the clinical MRI
protocol. Note that MultiHance is considered investigational use for imaging the heart. The
objective of this experiment was to identify an optimal flip angle that achieves lower
measurement variation while achieving same results obtained with flip angle 35°. We then
used an optimal flip angle for experiment 3.

Experiment 3: Evaluation of Intra-Scan Repeatability

In 35 patients who are scheduled to undergo clinical cardiovascular MRI, both native and
post-contrast 3-3-5 MOLLI and optimized AIR (an optimal k-space ordering and flip angle)
acquisitions were repeated in a randomized order to calculate their intra-scan repeatability.
Because this study was an add-on to a clinical examination, we did not remove the patient
from the MR table. Each subject was imaged in a mid-ventricular short-axis plane pre-
contrast and post-contrast. For each patient, we retrospectively estimated the mean R-R
interval and mean variation in R-R interval based on the time stamps embedded on the 11
MOLLI digital imaging and communications in medicine (DICOM) images. Since each
patient underwent 4 MOLLI acquisitions (pre- and post-contrast twice), the heart rate
information represents “averaged” cardiac rhythm over 44 heart beats (11 heart beats times
4). Note that post-contrast MRI was conducted 15-30 min after administration of 0.15
mmol/kg of MultiHance. Again, the wide range in delayed imaging time was due to the
clinical MRI protocol having priority.

Image Analysis

AIR T1 maps were calculated on a pixel-by-pixel basis, as previously described (21). In
contrast to the previous study, we did not apply any filters to appreciate the impact of each
optimization step. 3-3-5 MOLLI T1 maps were automatically generated in-line (Siemens
WIP #448). Customized software in MATLAB (R2009a, The MathWorks, Inc., Natick, MA)
was used to manually segment the myocardial contours and blood pools in the left ventricle
for each data set separately. Care was taken to avoid partial volume averaging for each
contour tracing.
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Statistical Analysis

Results

For experiment 1, we compared the resulting T4 maps between centric and centric-pair k-
space orderings. Given that most of the artifacts were localized to the blood pool, we
identified outliers within the ventricular cavity region-of-interest (ROI) as follows. For each
cardiac plane, we drew an ROI to include the ventricular cavity only and pooled its Tq values
to calculate the first quartile, third quartile, and interquartile range (IQR) values. Lower
outliers were defined as values less than first quartile — 1.5 * IQR, and upper outliers were
defined as values higher than third quartile + 1.5 * IQR. We then calculated the outlier
fraction as outlier count divided by ROI size. A paired t-test was performed to compare the
mean outlier fraction values between standard centric and centric-pair k-space orderings,
where p < 0.05 was considered statistically significant.

For experiment 2, we calculated the mean and standard deviation of T4 for each ROI: native
myocardial T4, native blood T4, post-contrast myocardial T4, and post-contrast blood T;. To
compare flip angle dependence, we then averaged the mean T results over subjects to
calculate the mean and standard deviations per measurement type as a function of flip angle.
For each measurement type, we used analysis of variance (ANOVA) to test for differences in
mean T, between flip angles, and Bonferroni correction to compare between the control
(previously used flip angle 35) and other flip angles, where a p-value < 0.05 was considered
statistically significant. In addition, we performed the intra-class correlation (ICC) analysis
to evaluate the association of mean T, between flip angles. In this study without myocardial
infarction, we used the standard deviation of T as a metric for measurement variation,
because measuring "true" noise from GRAPPA reconstruction is not straightforward. We
then averaged the mean standard deviations over subjects to evaluate the trend in
measurement variation as a function of flip angle.

For experiment 3, we calculated the mean and standard deviation of Ty in 4 tissue types
(native myocardium, native blood, post-contrast myocardium, post-contrast blood) and then
calculated ECV expressed as (3): ARLx(1 — hematocrif) x 100%, where A is the difference

between post-contrast and native, and Ry ,is 7, * of myocardium and Ry »is 7, * of blood.
For assessment of relative intra-scan repeatability in both T; and ECV measurements, we
performed a linear regression analysis between scan 1 and scan 2 for each pulse sequence.
For assessment of absolute intra-scan repeatability in both T; and ECV measurements, we
performed the Bland-Altman analysis of repeated scans to calculate the coefficient of
repeatability (CR), which is defined as 2 times the standard deviation of differences.

Experiment 1: k-space Ordering Optimization

Figure 2 shows T1 maps of a patient in 5 different cardiac planes, where centric k-space
ordering produced image artifacts associated with eddy currents, whereas centric-pair k-
space ordering did not produce significant image artifacts. Comparing all 23 cardiac planes,
outlier as a fraction of ventricular cavity area was significantly (o < 0.01) higher for centric
(3.7 £ 2.0 %) than centric-pair (1.4 £ 1.1 %) k-space ordering. Note that a few outliers can
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affect the mean. Thus, the remaining results reported in this study were acquired with
centric-pair k-space ordering.

Experiment 2: Flip Angle Optimization

Figure 3 shows native and post-contrast AIR T1 maps of patient acquired with flip angles
ranging from 25-65°. These T, maps show decreased measurement variation with increasing
flip angles, particularly for native T, maps. Figure 4 shows plots of mean T, as a function of
flip angle, for each of 4 different types of measurement. According to ANOVA, mean T4
values were not different between flip angles ranging from 25-65°, and between 35°
(control) and any other flip angle for each of 4 measurement types (native myocardial T,
native blood Ty, post-contrast myocardial T4, and post-contrast blood T1). According to
ICC, mean T values were strongly correlated with correlation coefficient = 0.93 for all
measurement types (Table 1). Figure 4 also shows plots of mean standard deviation of T; as
a function of flip angle. Note that standard deviation decreases with increasing flip angles.
Averaging the SD over 4 measurement types, the mean SD was 122.1, 102.0, 85.4, 79.8, and
77.0 for flip angles 25°, 35°, 45°, 55° and 65°, respectively. Given the small difference in SD
between 55° and 65° and the fact this study did not include a wide range of body habitus, we
elected to use slightly inferior 55° for experiment 3 in consideration of scanning patients
with cardiac implants such as stents.

Experiment 3: Evaluation of Intra-scan Repeatability in Patients

The 35 patients had a mixture of sinus and irregular rhythms; the mean R-R interval was
1020.2 £ 216.1 ms; the mean standard deviation of R-R interval was 101.8 + 117.8 ms.
Figure 5 shows representative native and post-contrast 3-3-5 MOLLI and optimized AIR Tq
maps of a patient. Consistent with previous studies (see Fig.7 in (17) and Fig.3 in (19)),
MOLLI and AIR produced different T4 results (17, 19).

Table 2 shows the coefficient of variation (CV), defined as SD divided by mean, of native
and post-contrast myocardial T1. Statistically, mean CV in myocardial Ty is significantly (p
< 0.001) lower for MOLLI than optimized AIR, both for native and post-contrast conditions.
These results confirm that investigational MOLLI produces higher precision than optimized
AIR. In Figure 6, a - h show linear regression plots comparing MOLLI scan 1 vs. MOLLI
scan 2 and AIR scan 1 vs. AIR scan 2, separately plotted for native myocardial, native blood,
post-contrast myocardial, and post-contrast blood T4 measurements. For MOLLI, slope,
bias, and Pearson's correlation coefficient (/) were 1.05, -54.67, and 0.95 for native
myocardium; 1.06, —93.82, and 0.95 for native blood; 0.97, 24.95, and 0.99 for post-contrast
myocardium; 1.01, 7.26, and 0.99 for post-contrast blood, respectively. For AIR, slope, bias,
and rwere 0.90, 135.89, and 0.88 for native myocardium; 1.01, —29.65, and 0.94 for native
blood; 0.98, 16.08, and 0.99 for post-contrast myocardium; 0.99, 3.00, and 1.00 for post-
contrast blood, respectively. These statistics suggest that 3-3-5 MOLLI and optimized AIR
produce similar relative intra-scan repeatability. In Figure 6, i - p also show the
corresponding Bland-Altman plots. For MOLLI, the CR was 40.0, 77.2, 26.5 and 25.9 ms
for native myocardial, native blood, post-contrast myocardial, and post-contrast blood T
measurements, respectively. For AIR, the CR was 54.3, 89.7, 30.5, and 14.7 ms for native
myocardial, native blood, post-contrast myocardial, and post-contrast blood Tq
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measurements, respectively. These statistics suggest that 3-3-5 MOLLI and optimized AIR
produce similar absolute intra-scan repeatability. Figure 7 shows linear regression (first row)
and corresponding Bland-Altman (second row) plots comparing scan 1 and scan 2 in 3-3-5
MOLLI (column 1) and optimized AIR (column 2), separately plotted for ECV
measurements. For MOLLLI, slope, bias, and rwere 0.90, 2.43, and 0.93, respectively, and
the CR was 2.0%. For AIR, slope, bias, and rwere 0.94, 1.19, and 0.94, respectively, and the
CR was 1.6%. These statistics also suggest that 3-3-5 MOLLI and optimized AIR produce
similar relative and absolute intra-scan repeatability in ECV measurements.

Discussion

In this study, we sought to improve the precision of AIR cardiac T, mapping through k-
space ordering and flip angle optimizations and then compare the intra-scan repeatability in
patients with respect to investigational MOLLI. In the first technical experiment, we show
that employing centric-pair k-space ordering suppresses image artifacts associated with eddy
currents. In the second technical experiment, we show that increasing flip angle up to 65°
reduces standard deviation in T1 while producing results that are not significantly different
compared with those produced by previously used flip angle 35°. In the validation
experiment, we show that investigational MOLLI and optimize AIR produce similar intra-
scan repeatability in all 35 patients.

Original AIR cardiac T mapping calculates T4 based on the Bloch equation describing an
ideal saturation recovery of magnetization because it uses a centric k-space ordering. In b-
SSFP readout, however, this k-space ordering is sensitive to eddy currents induced by
alternative positive and negative phase-encoding steps in b-SSFP readout. We suppressed
this artifact using centric-pair k-space ordering. Artifact suppression is important to
minimize measurement errors. Regrettably, original AIR was developed using 35° flip angle,
without carefully examining other flip angle values. In this study, we further improved the
precision through flip angle optimization, where any flip angle between 55° and 65° was
shown to produce high precision while producing results that are not significantly different
compared with those produced by previously used flip angle 35°. For this study, we elected
to use flip angle 55°, even though 65° is superior, in consideration of scanning patients with
cardiac implants such as stents. A larger study including a wide range of body habitus is
necessary to determine the maximal flip angle allowed within the SAR limit at 3T.

This study has several additional points worth discussing. First, we did not evaluate the
performance of other investigational saturation-recovery based cardiac T1 mapping pulse
sequences reported in literature, such as SASHA (12), MLLSR (14), and SMARTT;Map
(15). Thus, results from this study may not be directly applicable for the aforementioned
pulse sequences. Compared with SASHA, MLLSR, and SMARTT{Map, AIR is
considerably faster because it acquires only two images. However, AIR is likely to be
inferior in precision, since SASHA, MLLSR, and SMARTT;Map acquire more T weighted
images over longer scan times. Another study is warranted to directly compare the intra-scan
repeatabiliity between optimized AIR and other investigational saturation-recovery based
cardiac T4 mapping pulse sequences. Second, we elected to use 55° to achieve a good
balance between precision and SAR at 3T. Flip angle 55°, however, may not be optimal at
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1.5T, since T and T values and SAR limits are different at lower field strength. Another
investigation is needed to empirically determine the optimal flip angles at 1.5T. Third, for
the validation experiment, the mean standard deviation of R-R interval was only 10% of
mean R-R interval (1020.2 ms). Another study is warranted to compare the intra-scan
repeatability between investigational MOLLI and optimized AIR in patients with higher
burden of arrhythmia. Fourth, as previously reported (17, 19), AIR and MOLLI mapping
pulse sequences produce different T, and ECV measurements. This is consistent with
previous studies which reported that different cardiac T1 mapping methods produce different
T1 and ECV results (13, 16, 24). Different T1 measurements may produce different ECV
measurements, suggesting that it is important to calibrate cutoff values for each T, mapping
pulse sequence. Fifth, for practical consideration, this study evaluated intra-scan
repeatability only. A future investigation is warranted to evaluate inter-scan repeatability.
Sixth, we compared the performance of original AIR and optimized AIR in two patients
without contrast agent administration. Consistent with other results reported in this study,
optimized AIR produced the lower CV in native myocardial and blood T, values (see Figure
S1 and Table S1 in Supplementary Materials). Seventh, consistent with previous studies (16,
18), investigational MOLLI produced higher precision within an ROI than optimized AIR
(see Table 2). Our study also shows that optimized AIR and investigational MOLLI produce
similar intra-scan repeatability of mean T; measurements, likely due to spatial averaging
within an ROI. However, this trend could become invalid if the number of voxels within an
ROI becomes too small.

In conclusion, this study demonstrates two technical upgrades aimed to improve the
precision of AIR cardiac T; mapping. First, centric-pair k-space ordering suppresses image
artifacts associated with eddy currents. Second, an optimal flip angle (55°) decreases
standard deviation in T, measurements while producing results that are not significantly
different compared with those produced by previously used 35°. Our initial study of 35
patients shows that investigational MOLLI and optimized AIR produce similar intra-scan
repeatability. Note that high repeatability is important for longitudinal studies, where the
goal is to monitor temporal changes that reflect pathophysiology, not intra-scan repeatability.
Finally, optimized AIR cardiac T1 mapping is likely to yield higher repeatability than
original AIR cardiac T1 mapping for pre-clinical and clinical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Centric (left) and centric-pair (right) k-space orderings for AIR cardiac T; mapping.
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Figure 2.
AIR T1 maps of a patient in 5 different cardiac planes: apical short-axis (column 1), mid-

ventricular short-axis (column 2), basal short-axis (column 3), 2-chamber long-axis (column
4), and 4-chamber long-axis (column 5). In this patient, centric (top row) k-space ordering
produced noticeable artifacts in all 5 planes, whereas centric-pair (bottom row) k-space
ordering did not produce noticeable artifacts in any plane. Arrows point to image artifacts
arising from eddy currents with centric-out k-space ordering in b-SSFP readout. All T1 maps
displayed with an identical grayscale (0-3,000 ms).
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Post-contrast

Figure 3.
Native (top row) and post-contrast (bottom row) AIR T1 maps of a patient with flip angles

ranging from 25-65° (columns 1-5). Increasing flip angles decreases apparent noise in T
maps as shown.
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Figure 4.

Plots of mean (A) and standard deviation (B) in T as a function of flip angle per
measurement type (native myocardial T4, native blood T4, post-contrast myocardial T4, and
post-contrast blood T1). Mean T1 was not significantly different for any of four
measurement types (p = 0.65) and strongly correlated across flip angles (ICC coefficient =
0.93). Standard deviation in T decreases with flip angle, where the trend was greater for

native T measurements.
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Figure 5.
Representative T4 maps of a patient in a mid-ventricular short-axis view acquired with 3-3-5

MOLLI (left column) and optimized AIR (right column): native (top, left), post-contrast
MOLLI (bottom, left), native AIR (top, right), and post-contrast AIR (bottom, right).
Overall, image quality was similar between 3-3-5 MOLLI and optimized AIR.
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Linear regression plots (rows 1-2) comparing T; measurements in four different tissue types
between MOLLI scan 1 vs. MOLLI scan 2 (columns 1-2) and AIR scan 1 vs. AIR scan 2
(columns 3-4) . These scatter plots suggest that 3-3-5 MOLLI and optimized AIR produce
similar relative intra-scan repeatability. Bland-Altman plots (rows 3-4) comparing T,
measurements in four different tissue types between MOLLI scan 1 vs. MOLLI scan 2
(columns 1-2) and AIR scan 1 vs. AIR scan 2 (columns 3-4). These scatter plots suggest that
3-3-5 MOLLI and optimized AIR produce similar absolute intra-scan repeatability. Four
tissue types are: native myocardium (red box) - a, ¢, i, and k; native blood (purple star) - b,
d, j, and I; post-contrast myocardium (green circle) - e, g, m, and o; post-contrast blood (red
cross) - f, h, n, and p.
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Figure 7.

Linear regression (first row) and Bland-Altman (second row) plots comparing ECV
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measurements between MOLLI scan 1 vs. MOLLI scan 2 (column 1) and AIR scan 1 vs.
AIR scan 2 (column 2). These scatter plots suggest that 3-3-5 MOLLI and optimized AIR
produce similar relative and absolute intra-scan repeatability.
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Summary of mean T4 for each of 4 measurement types (native myocardial T1, native blood T4, post-contrast
myocardial T1, and post-contrast blood T), reported as mean + standard deviation over subjects. According to
ANOVA, mean T1 measurements were not different between flip angles (p = 0.65). According to ICC, Ty

Table 1

measurements were strongly correlated (correlation coefficient = 0.93).

Measurement Type FA=25° | FA=35° | FA=45° | FA=55° | FA=65° | ANOVA | ICC

Native myocardial 14352+ | 1449.8+ | 1450.2+ | 1453.2+ | 1464.7 + 0.65 0.93
Ty (ms) 50.8 53.1 52.4 46.2 56.0

Native blood T1 (ms) | 2060.9+ | 2035.8+ | 2019.3+ | 2019.1+ | 2006.0 + 0.90 0.98
162.5 165.2 163.3 158.0 1511

Post-contrast 678.4 + 678.0+ | 6793+ 677.6 + 683.3 + 0.99 0.99
myocardial T1 (ms) 98.6 97.7 94.6 98.1 97.7

Post-contrast blood 3749+ 3776+ | 3788+ 380.8 3819+ 0.99 0.99
Ty (ms) 91.1 90.7 90.4 89.1 92.8
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