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Purpose: The purpose of this study was to determine an optimal
saturation-recovery time (TS) for minimizing the underestimation of arterial
input function (AIF) in quantitative cardiac perfusion MRI without multiple
gadolinium injections per subject.

Methods: We scanned 18 subjects (mean age = 59 + 14 years, 9/9 males/fe-
males) to acquire resting perfusion data and 1 additional subject (age = 38 years,
male) to obtain stress-rest perfusion data using a 5-fold accelerated pulse
sequence with radial k-space sampling and applied k-space weighted image
contrast (KWIC) filters on the same k-space data to retrospectively recon-
struct five AIF images with effective TS ranging from 10 to 21.2ms (2.8 ms
steps). Undersampled images were reconstructed using a compressed sensing
framework with temporal-total-variation and temporal-principal-component as
2 orthogonal sparsifying transforms. The image processing steps included, same
motion correction across five different AIF images, signal normalization by the
proton-density-weighted-image, signal-to-T; conversion using a Bloch equation,
T;-to-gadolinium-concentration conversion assuming fast water exchange, T,*
correction to the AIF, and gadolinium-concentration to myocardial blood flow
(MBF) conversion based on a Fermi model.

Results: Among five TS values, the shortest TS (10ms) produced sig-
nificantly (P <0.05) higher peak AIF and lower resting MBF (13.73 mM,
0.73mLg!min~!) than 12.8ms (11.24mM, 0.89mLg!min~!), 15.6ms
(9.56 mM, 1.05mLg!min!), 18.4ms (8.55mM, 1.17mLg!min~!), and
21.2ms (7.95mM, 1.27 mL g~! min~!). Similarly, shorter TS reduced underesti-
mation of AIF (or overestimation of MBF) for both during stress and at rest, but
this effect was canceled in myocardial-perfusion-reserve (MPR).

Conclusion: This study demonstrates that TS of 10 ms reduces the underesti-
mation of AIF and, hence, the overestimation of MBF compared with longer TS
values (12.8-21.2 ms).
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1 | INTRODUCTION

Coronary artery disease (CAD) is a leading cause of sick-
ness and death in the United States.! Noninvasive myocar-
dial perfusion imaging modalities such as single-photon
emission computerized tomography (SPECT), (positron
emission tomography) PET, and cardiovascular magnetic
resonance (CMR) play an important role as a gatekeeper
to cardiac catheterization.? CMR offers several advantages
over SPECT and PET, including high spatial resolution,
lack of ionizing radiation, and capability to provide addi-
tional information such as myocardial function, edema,
and scarring/fibrosis and hemodynamics evaluation with
a single examination. Although a qualitative evaluation
of perfusion CMR is the clinical norm, myocardial blood
flow (MBF) quantification from perfusion CMR images
offers incremental value, including: improved diagnostic
accuracy,® particularly in multi-vessel obstructive disease
and microvascular dysfunction*; prognostic value>®; and
improved precision for longitudinal studies.

There are several technical challenges to achieve high
accuracy in MBF quantification, including, but not lim-
ited to, low signal-to-noise ratio (SNR), nonlinear relation-
ship between the measured signal and concentration of
gadolinium ([Gd]), and T,* decay in arterial input func-
tion (AIF) signal at peak blood enhancement because of
high [Gd] during first-passage. This study revisits the accu-
racy in AIF, which is often underestimated because of high
[Gd] (>5mM) in the left ventricular (LV) blood pool at
peak enhancement. The two main imaging approaches to
compensate for this nonlinearity issue are the dual-bolus’
and dual-imaging methods.®® The dual-bolus technique,
wherein the AIF image is acquired with a low [Gd] and
tissue function (TF) images are acquired with a high
[Gd], is not practical in a busy radiology clinic because
it requires contrast dilution and twice as many bolus
injections and image acquisitions. Furthermore, a metic-
ulous setup is necessary to assure that 2 different con-
centrations are at equal volumes and prevent backflow
of solutions in the injector apparatus between saline and
gadolinium syringes.'? A more practical approach is to per-
form one set of stress-rest imaging with the dual-imaging
sequence,®® 1112 wherein the AIF images are acquired with
a short saturation recovery time (TS) to sample the center
of k-space and TF images are acquired with a long TS.

The previous studies utilizing the dual-imaging
method®?1!12 used TS ranging from 20-27 ms to linearize
the relationship between the AIF signal and [Gd], in order
to reduce the underestimation of AIF. However, none of
the studies have investigated an optimal TS for minimiz-
ing the underestimation of AIF. The main reason why it
is impractical to conduct such a study is that it requires
multiple injections of gadolinium. In this study, we sought

to identify an optimal TS for minimizing the underesti-
mation of AIF without multiple injections of gadolinium
per subject. This was accomplished by scanning patients
using a radial k-space sampling pattern with a minimum
TS of 10 ms and retrospectively reconstructing five differ-
ent AIF images derived from the same radial k-space data
with effective TS ranging from 10 to 21.2 ms (2.8 ms steps)
using k-space weighted image contrast (KWIC) filters.!3

2 | METHODS

2.1 | Study population

All patients provided consent in writing. This study was
performed in accordance with protocols approved by
our institutional review board and was Health Insur-
ance Portability and Accountability Act (HIPAA) com-
pliant. We prospectively enrolled 18 patients (mean
age = 59 + 14 years, 9/9 males/female) with left ventricular
ejection fraction (LVEF) > 50% and no evidence of vascular
late gadolinium enhancement to acquire resting perfusion
data: 13 patients were enrolled in a study examining the
chronic (medium days since hospitalization = 102 days)
impact of coronavirus disease (COVID-19) on the heart;
3 patients were enrolled in a study examining heart fail-
ure (HF) with recovered LVEF; 2 subjects were volunteers.
In addition, 1 patient (age = 38years, male) with pul-
monary hypertension, dilated right ventricle, and right
ventricular dysfunction was enrolled to acquire stress-rest
perfusion data, and another subject (age = 46 years, male)
was scanned to collect resting perfusion data to determine
the lower limit of TS that achieves a good balance between
linearity and SNR. Our justification for mixing data from
different patient cohorts is based on our stated goal to
identify an optimal TS for minimizing the underestimation
of AIF. Other clinical profiles were omitted because they
were irrelevant to this technical study.

2.2 | MRI hardware

MRI was performed on one 1.5 T whole-body MRI scan-
ner (MAGNETOM Aera, Siemens Healthineers, Erlangen,
Germany) equipped with a gradient system capable of
achieving a maximum gradient strength of 45 mT m~! and
a slew rate of 200 Tm~!s~!. MRI signal reception was
made using anterior and posterior coil arrays with 30 total
coil elements.

2.3 | Pulsesequence

Relevant imaging parameters for our 2D multi-slice
cardiac perfusion pulse sequence using gradient
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echo readout with radial k-space sampling included:
FOV = 384 mm X 384 mm, matrix size =192 X 192, spa-
tial resolution = 2mm X 2 mm, slice thickness = 8§ mm,
TE/TR = 1.5/2.8ms, flip angle = 15°, minimum
TS = 10 ms, B; -insensitive hybrid pulse train as the satura-
tion pulse,'* 38 radial spokes per frame (corresponding to
an acceleration factor of 5), single-shot readout duration
per frame = 106 ms, 100 repetitions, electrocardiogram
triggering every heartbeat, and 4-7 slices per heartbeat
depending on heart rate. Each patient was instructed to
breathe normally during scanning. For more details on the
pulse sequence, please see Naresh et al.!? Each perfusion
scan was performed with administration of either 0.075
(estimated glomerular filtration rate [eGFR] = 45-60) or
0.1 mmol kg~! (eGFR > 60) of gadobutrol (Gadavist, Bayer
HealthCare, Whippany, USA) at 3mLs™! via a power
injector.

2.4 | Minimum TS determination

We elected minimum TS as 10 ms to achieve a good bal-
ance between linearity and SNR. To support our choice,
we conducted a theoretical analysis and scanned a T;mes
phantom and one additional subject at rest to identify the
lower bound of TS that achieves a good balance between
linearity and SNR. For details, please see Minimum TS
experiment in Supporting Information.

2.5 | Monte Carlo simulation: SNR
for TF images

Intrinsic SNR is a critical ingredient for achieving high
accuracy in MBF quantification. We performed a theoret-
ical analysis to estimate the intrinsic SNR of TF images,
to justify KWIC filtering to achieve TS of 113.6 ms for
TF images. For additional details, please see Monte Carlo
analysis in Supporting Information.

2.6 | KWIC filters

In radial k-space sampling, the center of k-space is sam-
pled by each radial spoke. This provides an opportu-
nity to retrospectively choose an arbitrary TS by apply-
ing KWIC filters. For myocardial wall assessment, images
were reconstructed using a KWIC filter to exclude the
first 19 radial spokes and maintain the center of the last
radial spoke only (i.e., effective TS = 113.6 ms as shown
in Figure 1) to maximize the SNR (see the Monte Carlo
analysis in Supporting Information). To determine an opti-
mal TS for minimizing the underestimation of AIF, five

different KWIC filtered images were reconstructed from
the same raw k-space data by maintaining the center
of k-space from the first to fifth radial spoke only (i.e.,
effective TS from 10-21.2ms [2.8 ms steps] as shown in
Figure 1). Because the expected AIF signal is relatively low
for the first to fifth radial spokes, we zeroed out the outer
one third of k-space in the frequency-encoding direction,
to reduce noise and aliasing artifacts.

2.7 | Image reconstruction

We applied KWIC filters as a pre-processing step before
compressed sensing!® reconstruction of AIF and TF
images from the same raw k-space data. To accelerate
image reconstruction, coil compression was used to pro-
duce 8 virtual coils,'® and gpuNUFFT!” was used through-
out the reconstruction pipeline. The multi-coil k-space
datasets were reconstructed using compressed sensing
with temporal total variation and temporal PCA (TPCA)
as the 2 orthogonal sparsifying transforms and nonlin-
ear conjugate gradient with backtracking line search as
the optimization algorithm with 30 iterations. Normalized
regularization weight for temporal total variation was set
as 0.005 (0.003 for TF images) of the maximum signal of
the reconstructed image in each iteration, and normalized
regularization weight for TPCA was set as one quarter of
temporal total variation. We established the optimal reg-
ularization weights by sweeping over a range from 0.001
to 0.01 (0.001 steps) to identify an optimal regularization
weight that achieves a good balance between suppression
of aliasing artifacts and temporal blurring of myocardial
wall motion. We determined this optimal regularization
weight based on visual inspection of 6 training datasets.
For more details on the image reconstruction pipeline,
please see reference.!?

2.8 | MBF quantification

Image processing was conducted by one investigator (L.F.).
Five pixel-by-pixel MBF maps (same TF image, five differ-
ent AIF images) were quantified for each slice using the
following steps as shown in Figure 2. First, the motion
correction was conducted on the TF images using a pre-
viously described method.'® The same deformation field
from the TF image was then applied to all 5 AIF images
to ensure consistency. Second, T;-weighted images were
normalized by the corresponding PD-weighted images
to correct for the unknown equilibrium of magnetiza-
tion and the surface-coil effects.!® Third, the normalized
signal was converted to [Gd] using the Bloch equation
described by Mendes et al.,”° using 5.3 and 5.2mM~!s~!
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(A) raw k-space data (B) TF KWIC filter
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FIGURE 1

(A) Raw k-space data; KWIC filters used for TF (B) and AIF (C) image reconstruction. For TF, the effective TS after the

particular KWIC was 113.6 (=10 + 2.8 X 37) ms. For AIF, five different KWIC filters were applied to generate five different images with
effective TS ranging from 10 to 21.2 ms (2.8 ms steps). (D) k-Space trajectories without and with KWIC filters. The darkest blue line
represents the first radial spoke. The color bar indicates the radial spoke number following the saturation pulse (i.e., k-space ordering) or

effective TS. KWIC, k-space-weighted image contrast; TF, tissue function; AIF, arterial-input-function; TS, saturation-recovery time
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FIGURE 2 A schematic overview of the image reconstruction and
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processing pipeline for radial perfusion data obtained during free
space data, compressed sensing reconstruction of undersampled

and filtered images, motion correction, signal normalization, [Gd] calculation (T,* correction to the AIF), Fermi-model deconvolution for

pixel-by-pixel MBF quantification. MOCO, motion correction; KWIC, k-space-weighted image contrast; [Gd], gadolinium concentration;

ALTF, arterial-input-function; MBF, myocardial blood flow

as y; of gadobutrol in the blood and myocardium, respec-
tively,! and assuming fast water exchange.?> The AIF
signal-time curves were derived by manually drawing a
region of interest inside the left ventricular cavity. For con-
sistency, the same region of interest was used for all five

reconstructed AIF images. Fourth, T,* decay in the AIF
was corrected using the previously described theoretical
approach.? Fifth, pixel-wise MBF maps were quantified
using a Fermi function®* as the transfer function to decon-
volve the myocardial perfusion [Gd]-time curves with the
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ATF. To speed up data processing, we cropped the field of
view to exclude extra cardiac tissues. For more details on
the quantification of MBF, please see Naresh et al.?

2.9 | Statistical analysis

The statistical analyses were conducted by one investiga-
tor (L.F.). A Lilliefors test was performed to test the null
hypothesis that both peak AIF and mean resting MBF is
normally distributed at the 5% significance level. We com-
pared both the peak AIF and mean resting MBF values
calculated from the ATF images reconstructed with five dif-
ferent effective TS using repeated measures ANOVA with
Bonferroni correction as the post hoc test for rest perfusion
data. A P <0.05 was considered statistically significant.

3 | RESULTS

According to the Lilliefors test, both the peak AIF and rest-
ing MBF were normally distributed (statistic: [0.05, 0.2];
P> 0.05) for the five different effective TS groups.

Figure 3A shows theoretical plots of the normalized
signal as a function of ground truth [Gd] for five different
TS values (10 ms, 12.8 ms, 15.6 ms, 18.4ms, and 21.2 ms).
As shown, shorter TS achieves a higher degree of lin-
earization between the normalized signal and [Gd] at the

(A) Theoretical signalto  (B) Actual AIF curves

expense of lower normalized signal (i.e., SNR). Figure 3B
shows actual plots of the AIF signal-time curves and the
corresponding AIF [Gd]-time curves without and with
T,* correction from one representative patient. Although
shorter TS produced lower signal (i.e., SNR), it resulted
in higher AIF because of better linearity compared with
longer TS values. T,* correction does not impact the overall
comparison across TS. Figure 3C shows the correspond-
ing resting MBF maps; MBF increased with effective TS
because of underestimation of AIF.

Four subjects were excluded from AIF and resting MBF
quantifications because of poor image quality or motion
correction. As summarized in Table 1 (n = 14), com-
pared to TS = 10ms, higher TS resulted in significantly
decreased peak AIF as well as significantly increased MBF
(both P < 0.05). Specifically, the peak AIF was 13.73 + 2.25,
11.24 +£1.77, 9.56 +£1.45, 8.55+1.32, and 7.95+1.24mM
for TS 10, 12.8, 15.6, 18.4, and 21.2 ms, respectively; the
corresponding resting MBF was 0.73+0.12, 0.89 +0.15,
1.05+0.17, 1.17+0.19, and 1.27+0.21 mLg~! min~! for
TS 10, 12.8, 15.6, 18.4, and 21.2 ms, respectively.

Figure 4A shows actual plots of the AIF [Gd]-time
curves with T,* correction and the corresponding MBF
maps during stress for different TS values; Figure 4B
shows the corresponding data at rest; Figure 4C shows
the myocardial perfusion reserve (MPR) values. Consis-
tent with the remaining resting perfusion data, shorter
TS reduced underestimation of AIF (or overestimation of
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(A) Theoretical plots describing nonlinear relationships between the normalized signal and [Gd] for five different TS

values. (B) Example plots of the AIF signal-time curves and AIF [Gd]-time curves without and with T,* correction from one representative
patient. (C) The corresponding resting MBF maps from five different AIFs with mean and SD values as shown. [Gd], gadolinium
concentration; TS, saturation-recovery time; AIF, arterial-input-function; MBF, myocardial blood flow
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TABLE 1 A statistical summary of peak AIF and resting MBF values from 14 subjects
TS 10 ms 12.8 ms 15.6 ms 18.4 ms 21.2 ms
AIF (mM) 13.73+£2.25 11.24 +1.77% 9.56 + 1.45* 8.55+1.32* 7.95+1.24%
MBF (mLg~! min~?) 0.73+0.12 0.89 +0.15* 1.05+0.17* 1.17 +0.19* 1.27 +£0.21*

Note: Reported values represent mean + SD. Compared with TS = 10 ms as the control, both AIF and MBF values for different TS values were significantly different.

“P<0.05.
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FIGURE 4 (A) Actual plots of the AIF [Gd]-time curves with T,* correction and the corresponding MBF maps during stress for

different TS values; (B) the corresponding data at rest; (C) the MPR values. AIF, arterial-input-function; [Gd], gadolinium concentration;
MBF, myocardial blood flow; TS, saturation-recovery time; MPR, myocardial perfusion reserve

MBF) for both stress and rest data. However, MPR did
not change significantly with TS, because the impact of
underestimation of AIF on MBF is canceled in MPR.

4 | DISCUSSION
This study highlights the importance of reducing TS
as short as 10ms for reducing the underestimation of
ATF and the overestimation of MBF. Although previous
dual-imaging studies®*!2 used a short TS ranging from
20-27 ms, this work represents the first study comparing
multiple TS values (10-21.2 ms) to determine an optimal
TS (10 ms) for further minimizing the underestimation of
AIF.

This study has several interesting points. First, we
acquired resting perfusion data using radial k-space sam-
pling with a minimum TS of 10ms and retrospectively

reconstructing five different AIF images derived from
the same radial k-space data with TS ranging from 10
to 21.2ms (2.8 ms steps) using KWIC filters. This exper-
imental design enabled us to identify an optimal TS
for AIF without the complexity of multiple injections
of gadolinium as well as image acquisitions. Second,
to reduce variables, we applied the same deformation
fields to all five AIF images to correct for respiratory
motion, the same region of interest to obtain the AIF
signal-time curves, and the same TF image with match-
ing cardiac contours. We found the peak AIF and rest-
ing MBF values were significantly different between the
five TS values. Given the lack of ground truth for AIF
and MBF, we infer literature values. The resting MBF
(0.73mL g ! min™!) calculated from AIF with TS of 10 ms
agrees better with the resting MBF reported by two cardiac
PET studies®: (1) mean resting MBF = 0.71 mL g~! min~!
in 363 healthy subjects using !> N-ammonia and (2) mean
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resting MBF = 0.74mLg™! min~! in 382 healthy subjects
using 32Rb. We note that this comparison across different
cohorts and modalities should be interpreted with caution,
because there are numerous unaccounted variables. Third,
compared with TS of 21.2ms, which is similar to TS of
23.8 ms proposed by the widely used quantitative cardiac
perfusion sequence,'! TS of 10 ms increased AIF by 73%
and decreased resting MBF by 43%. Our finding suggests
the pulse sequence proposed by Kellman et al'! may over-
estimate MBF because of the underestimation of AIF. This
problem is fixable by redesigning the pulse sequence to
use TS of 10 ms for AIF scanning. Fourth, our finding sug-
gests that the impact of the underestimation of AIF may
be negligible for calculation of MPR, because the underes-
timation/overestimation effect on AIF/MBF is canceled in
MPR. However, more data from greater number of patients
are needed to validate our initial finding.

This study has several limitations that warrant fur-
ther discussion. First, this study applied KWIC filtering
to retrospectively select an effective TS. KWIC filters zero
out the central parts of k-space, but they retain signal
from other parts of k-space. Our signal model does not
account for these residual signals, which may result in a
bias in [Gd] calculation. The potential bias should be con-
sistent across the five TS values because we applied sim-
ilarly shaped KWIC filters, suggesting that the observed
trend across TS should be valid. An alternative approach
is to perform multiple TS acquisitions using a Carte-
sian k-space sampling pulse sequence. However, such an
approach is impractical because it necessitates multiple
injections of gadolinium, requires compensation of resid-
ual gadolinium from previous injections, compensates for
variations in physiology (e.g., heart rate, breathing pattern)
and manual data analysis (segmentation), and increased
safety concerns associated with gadolinium. Second, this
study did not evaluate whether the observed trend is main-
tained at 3T. Although there is no theoretical basis to
expect a different trend, a future 3 T study is warranted for
verification. Third, this study lacks ground truths for AIF
and MBEF to truly validate our approach. This is a common
problem for all quantitative cardiac first-pass perfusion
studies in patients, unless one is able to conduct a PET-MR
study on the same day, which has its own challenges (lim-
ited available of equipment and radiotracer). Given these
challenges, we elected to compare our results to 2 previ-
ous PET studies. Fourth, this study only included 1 patient
scan during stress testing. More data from a greater num-
ber of patients during stress testing are needed to validate
our findings.

In summary, we conclude that an AIF scan with TS of
10 ms minimizes the underestimation of AIF and, hence,
minimizes the overestimation of MBF compared with TS
from 20 to 27 ms.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1 (A) T; maps of Tymes phantom calculated
acquired using three different TS values; (B) the corre-
sponding difference maps, where TS = 278 ms is the refer-
ence.

Figure S2 (A) Five different KWIC filtered CS recon-
structed images by maintaining the center from the first
to the fifth radial spoke only (i.e., effective TS from 5 to
16.2 ms [2.8 ms steps]); (B) corresponding PD normalized
images; (C) theoretical plots describing the nonlinear rela-
tionships between the normalized signal and [Gd] for five
different TS values; (D) plots of the AIF signal-time curves
from one patient acquired with minimal TS = 5 ms.
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