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Abstract
Purpose: To investigate and mitigate the influence of physiological and
acquisition-related parameters on myocardial blood flow (MBF) measurements
obtained with myocardial Arterial Spin Labeling (myoASL).
Methods: A Flow-sensitive Alternating Inversion Recovery (FAIR) myoASL
sequence with bSSFP and spoiled GRE (spGRE) readout is investigated for MBF
quantification. Bloch-equation simulations and phantom experiments were per-
formed to evaluate how variations in acquisition flip angle (FA), acquisition
matrix size (AMS), heart rate (HR) and blood T1 relaxation time (T1,B) affect
quantification of myoASL-MBF. In vivo myoASL-images were acquired in nine
healthy subjects. A corrected MBF quantification approach was proposed based
on subject-specific T1,B values and, for spGRE imaging, subtracting an additional
saturation-prepared baseline from the original baseline signal.
Results: Simulated and phantom experiments showed a strong dependence
on AMS and FA (R2

>0.73), which was eliminated in simulations and allevi-
ated in phantom experiments using the proposed saturation-baseline correction
in spGRE. Only a very mild HR dependence (R2

>0.59) was observed which
was reduced when calculating MBF with individual T1,B. For corrected spGRE,
in vivo mean global spGRE-MBF ranged from 0.54 to 2.59 mL/g/min and
was in agreement with previously reported values. Compared to uncorrected
spGRE, the intra-subject variability within a measurement (0.60 mL/g/min),
between measurements (0.45 mL/g/min), as well as the inter-subject variabil-
ity (1.29 mL/g/min) were improved by up to 40% and were comparable with
conventional bSSFP.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
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2 BOŽIĆ-IVEN et al.

Conclusion: Our results show that physiological and acquisition-related factors
can lead to spurious changes in myoASL-MBF if not accounted for. Using indi-
vidual T1,B and a saturation-baseline can reduce these variations in spGRE and
improve reproducibility of FAIR-myoASL against acquisition parameters.

K E Y W O R D S

cardiac arterial spin labeling, cardiac magnetic resonance imaging, flow-sensitive alternating
inversion recovery, myocardial blood flow

1 INTRODUCTION

First-pass myocardial perfusion with cardiac MR (CMR) is
widely used as the clinical gold standard for noninvasive
assessment of myocardial ischemia.1-4 However, the need
for exogenous, gadolinium-based contrast agents, limits
the clinical applicability of first-pass perfusion MRI. Since
gadolinium is cleared from the body almost exclusively
through the kidneys,5,6 gadolinium-based contrast agents
are contraindicated in patients with renal dysfunction.6
Additionally, concerns have been raised about gadolinium
accumulation in the brain following the repeated use of
gadolinium-based contrast agents, even in combination
with healthy renal clearance.7,8

Arterial Spin Labeling (ASL) offers a contrast-agent
free alternative for perfusion measurements, using mag-
netically labeled blood as an endogenous contrast.9,10

ASL has been well established in neuro-vascular appli-
cations and has steadily gained importance in quantify-
ing cerebral blood flow over the last decades.11,12 In car-
diac applications, promising results have been achieved
with myocardial ASL (myoASL): Reported myoASL-based
myocardial blood flow (MBF) values were in agreement
with reference values from positron emission tomography
(PET) gold standard measurements.13 Moreover, myoASL
has shown to be sensitive to perfusion changes induced
by either vasodilatory stress or when comparing nor-
mal and ischemic myocardial segments.14 However, due
to a low signal-to-noise ratio, insufficient reproducibility
and robustness have hampered more wide-spread clinical
translation of myoASL thus far.15

Typically, multiple pairs of tag and control images are
acquired in an ASL measurement. In tag images magnet-
ically labeled blood is flowing into the imaging volume,
while no labeling is applied for control images. Subtracting
tag from control yields perfusion weighted images, which
can then be used to quantify the MBF.13,16,17 With signal
differences between tag and control images of 1%–8%,18

myoASL is rendered very sensitive to physiological signal
variations, such as those caused by cardiac or respiratory
motion. This physiological noise (PN) was found to be the

dominant noise source in myoASL.13 However, its ratio to
thermal noise is highly dependent on the choice of imag-
ing readout and acquisition parameters.19 In myoASL,
the perfusion weighted signal is most commonly acquired
using snapshot image readouts, where all k-space lines
are acquired in a single heartbeat. To obtain quantitative
MBF, however, the perfusion weighted signal is modeled
only based on the effects of the labeling preparation.16

As the imaging pulses perturb the magnetization signal,
the image contrast can still be dependent on parameters
related to image readout. This can cause a number of
factors, including sequence parameters such as the acqui-
sition flip angle or physiological parameters such as the
heart rate variability, to affect the precision and bias of ASL
measurements.

The objective of this study is to investigate the effect
of physiological and acquisition-related parameters on the
bias and precision of quantitative myoASL measurements.
Simulation and phantom experiments are used to eval-
uate the relative contribution of various confounders in
balanced steady-state free precession (bSSFP) and spoiled
gradient-echo (spGRE) based myoASL. Next, we pro-
pose an improved MBF calculation approach to alle-
viate some of those confounders, to reduce the bias,
and, potentially in extension, help to improve the repro-
ducibility of Flow-sensitive Alternating Inversion Recov-
ery (FAIR) myoASL. Namely, subject-specific blood T1
relaxation times and, for spGRE readouts only, additional
saturation-prepared baseline acquisitions are used to cal-
culate MBF. Finally, the repeatability of myoASL with and
without corrections is studied in healthy volunteers.

2 THEORY

2.1 ASL signal model

MBF quantification in myoASL is most commonly based
on Buxton’s general kinetic model (GKM).16 In the GKM,
the difference between control and tag signal is modeled
based on the transport of inverted magnetization into the
imaging volume with arterial blood. The present work
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BOŽIĆ-IVEN et al. 3

focuses on a FAIR-ASL sequence (Figure 1), for which the
GKM can be derived as:

MBF = 𝜆(IC − IT)
𝛿IBLTIe−TI∕T1,B

, (1)

with control (IC), tag (IT), and baseline signal (IBL),
inversion time TI, inversion efficiency 𝛿 = 1 − cos(𝛼inv),
blood-water partition coefficient 𝜆 = 1 mL∕g,20,21 and
blood T1 relaxation time T1,B. Due to the substantially
faster flow in the heart compared to other anatomies, the
labeling slab is considered to be small relative to the fast
flow in coronary arteries during the TI.17 Therefore, as pre-
viously applied in cardiac ASL,17,22 in the present work it
has been decided to neglect the effect of the ATT in the
model as a first approximation.

2.2 Magnetization modulation
function

Imaging in myoASL has been previously proposed with
bSSFP or spGRE snapshot readouts. These readouts lead

to a significant modulation of the magnetization, which is
expressed as a magnetization modulation function (MMF,
fMMF) throughout this work.

The signal equations for bSSFP and spGRE readout are
provided in Appendix A. They can be simplified in the
form of a general affine linear model for the MMF:

fMMF(x) = Ax + B. (2)

Here, the coefficients A and B depend on the acquisition
parameters as well as T1 and T2, while x = Mz(t0) repre-
sents the initial magnetization immediately prior to the
readout. Due to the low systolic coronary blood flow,23,24

in- and out-flow effects during the image readout were
considered negligible and, thus, were not explicitly con-
sidered in the MMF. Based on the MMFs in the Appendix
(Equations (A1), (A5)), A and B are given as

A =
⎧
⎪
⎨
⎪
⎩

sin
(
𝛼

2

)(
E1cos2

(
𝛼

2

)
+ E2sin2

(
𝛼

2

))n
, bSSFP

𝜌cosn(𝛼)En−1
1 , spGRE

(3)

F I G U R E 1 (A, B) Sequence diagram of the FAIR-myoASL sequence and (D) processing pipeline used in this study. (C) Temporal
evolution of the longitudinal magnetization after an initial inversion pulse and during the imaging readout in the subsequent heartbeat.
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4 BOŽIĆ-IVEN et al.

and

B =
⎧
⎪
⎨
⎪
⎩

(
1 −

(
E1cos2

(
𝛼

2

)
+ E2sin2

(
𝛼

2

))n)
Mss, bSSFP

1−(cos(𝛼)E1)n−1

1−cos(𝛼)E1
(1 − E1) cos(𝛼)𝜌Mz,eq, spGRE

(4)

with E1∕2 = e−TR∕T1∕2 , proton density 𝜌, steady-state and
equilibrium longitudinal magnetization Mss and Mz,eq, flip
angle (FA) 𝛼, and n applied imaging pulses.

2.2.1 FAIR-myoASL sequence

In a FAIR-myoASL measurement, the imaging signal can
be modeled with blood (IB) and myocardial contributions
(IM) weighted by the blood-volume-fraction VB and its
complement VM = 1 − VB, respectively. Due to differences
in the relaxation times,25,26 the coefficients AM and AB in
the MMF (Equations 3and 4) differ between IB and IM .

Using the approach of Buxton’s GKM (Equation 1)
and the image signals as derived in the Appendix
(Equations B2–B9), the ratio of control, tag, and baseline
signal can be given as:

IC − IT

IBL
=

VBfinAB(x+B − x−B )
VM(AMx+M + BM) + VB(ABx+B + BB)

. (5)

This relation only yields the unbiased, true perfusion rate
fin, in the case of AB = AM = 1 and BB = BM = 0 which is
implicitly assumed in Buxton’s GKM. In an experimen-
tal setting, however, this condition is not met due to the
long echo trains (n ≫ 1) in particular for snapshot read-
outs. Hence, the obtained perfusion rate is confounded by
acquisition parameters such as the FA and the acquisi-
tion matrix size (AMS), which determines the number of
imaging pulses applied prior to the k-space center.

These acquisition parameters can, thus, influence the
precision and accuracy of the measurement. Figure 2 illus-
trates the interdependencies for a selection of parameters
relevant to this study, namely: AMS, acquisition FA, heart
rate variations, T1,B, and blood flow. Most of these fac-
tors, such as the FA and AMS, affect the accuracy and
might impart bias on FAIR-myoASL-based MBF. However,
because these parameters might vary on different time
scales, they can also compromise the reproducibility and
even repeatability of FAIR-myoASL.

2.2.2 Saturation-baseline

As apparent from Equation (5), eliminating the coef-
ficients BB and BM from the image signal can reduce
the dependence on acquisition parameters. This can

F I G U R E 2 Various acquisition-related (acquisition flip angle
and matrix size) and physiological parameters (heart rate, blood T1,
blood flow) influence the precision (repeatability, reproducibility)
and accuracy (bias) of FAIR-myoASL measurements. Except for
blood flow effects during image readout, these factors were
investigated in this work. Parameters affected by the proposed
correction approach are framed in red. Repeatability is mainly
influenced by physiological noise, while reproducibility relates to
variability on longer time scales and between systems/set-ups. Bias
relates to intrinsic systematic deviations and is a common source of
lack of reproducibility.38 The different factors manifest as different
types of myocardial blood flow (MBF) errors depending on their
respective time scale: Different prescribed matrix sizes and flip angle
values in separate measurements as well as subject-specific B+1 field
distributions impart different biases and impair reproducibility.46,61

Further, a varying heart rate (HR) can cause changes in the coronary
blood flow62—a major source of physiological noise—as well as in
the sequence timing, which confounds MBF values and renders
them subject to different biases. Repeatability and reproducibility
can further be compromised by changes in the HR across control-tag
pairs or across measurements/subjects, respectively. As the value of
T1,B depends on numerous physiological factors which might
change over longer periods of time, this can affect the MBF bias and
reproducibility. Finally, replacement of spins due to flow-effects can
alter the magnetization modulation function in FAIR-myoASL,
potentially imparting bias and compromising reproducibility.

be achieved with the acquisition of an additional
saturation-prepared baseline image (IBL,Sat), such that the
signal only represents the imaging readout and not the
magnetization history anymore. To this end, a saturation
prepulse immediately prior to the baseline image can be
used. Assuming perfect saturation, the initial magnetiza-
tion of both myocardium and blood can be considered to
be zero (xM = xB = 0) for the saturation-baseline signal. If
the signal difference between the saturation and original
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BOŽIĆ-IVEN et al. 5

baseline (see Equation B10) is used instead of the original
baseline signal in Equation (5), the ratio of control and tag
image becomes:

IC − IT

IBL − IBL,Sat
=

VBfinAB(x+B − x−B )
VMAMx+M + VBABx+B

=

=
VBfin(x+B − x−B )

VM
AM
AB

x+M + VBx+B
. (6)

Due to the different MMFs, this leads to different factors
AM
AB

in Equation (6) for the two readout types:

AM

AB
=

⎧
⎪
⎪
⎨
⎪
⎪
⎩

(
E1,M cos2

(
𝛼

2

)
+E2.M sin2

(
𝛼

2

)

E1,Bcos2
(
𝛼

2

)
+E2,Bsin2

(
𝛼

2

)

)n

, bSSFP

e
−(n−1)⋅TR⋅

(
1

T1,M
− 1

T1,B

)

, spGRE

. (7)

Notably, the use of the saturation-baseline eliminates the
FA dependence for the case of spGRE readout and the only
residual acquisition parameter related influence is given
by the AMS n. With bSSFP readout, however, the signal
ratio remains both FA and AMS dependent as the trans-
verse magnetization contributes to the readout signal at
each TR.

3 METHODS

3.1 MyoASL sequence

Based on the considerations above, a double
ECG-triggered FAIR-ASL sequence building on the design
by Do et al. 22,27 is proposed. As depicted in Figure 1,
nonlabeled control and labeled tag images are acquired
in an alternating fashion. For the control image, a spa-
tially selective, adiabatic inversion pulse is applied in
one heartbeat. The image acquisition is performed in the
subsequent heartbeat during the same cardiac phase. To
ensure consistent inversion within the imaging slice, the
inversion slab is chosen three times as thick as the imaging
slice. Following a 6 s long delay, the tag image is acquired
in the same fashion but using a non-selective adiabatic
inversion pulse. Each myoASL measurement comprised
six pairs of control and tag images, referred to as individual
scans, using either bSSFP or spGRE readouts.

Additionally in each measurement, a pair of baseline
images was acquired without preceding inversion pulses.
For bSSFP readouts, both baseline images are acquired
without any preparation pulses, while for spGRE an addi-
tional saturation prepulse is added immediately prior to
the readout of the second baseline image.

Postprocessing of images including MBF quantifica-
tion and statistical analysis was performed in MATLAB
(MathWorks). The MBF was quantified using Buxton’s
GKM as described in Equation (1). For bSSFP-based MBF
calculation, the baseline signal IBL corresponds to the aver-
age of the two baseline images. With spGRE readout, the
saturation-baseline image IBL,Sat is subtracted from the
original one and the difference image is used as the base-
line value in MBF calculations as given in Equation (6).
As shown in Equation (7), this saturation-baseline correc-
tion does not eliminate FA dependencies in bSSFP read-
outs and is therefore not applied for those. The double
ECG-triggering of both labeling pulses and image readouts
leads to a variable, heart rate dependent TI. For MBF cal-
culation, TI was evaluated using either individual TIs, an
average inversion time TI for each control-tag pair, or a
global TI averaged per sequence.

In previous studies on cardiac ASL, T1,B was set
to a fixed, literature based value between 1650 and
1700 ms.13,22,28,29 To avoid discrepancies with the actual T1,
subject-specific T1 relaxation times are used in a second
quantification method.

In summary, perfusion values were calculated in four
different modes depending on the readout:

• bSSFP readout with conventional, uncorrected MBF
calculation (fix T1,B, no saturation-baseline)

• bSSFP readout with corrected MBF calculation (mea-
sured individual T1,B, no saturation-baseline)

• spGRE readout with conventional, uncorrected MBF
calculation (fix T1,B, no saturation-baseline)

• spGRE readout with corrected MBF calculation (mea-
sured individual T1,B and saturation-baseline)

Based on previous FAIR-myoASL studies,13,27,29 the
uncorrected MBF calculation from bSSFP-images is con-
sidered as the reference configuration throughout the
remainder of this work.

3.2 Imaging

All imaging was performed at 3T. In all experiments, a
WET saturation pulse30,31 has been used for preparation of
the saturation-baseline. The detailed sequence parameters
for all experiments are provided in Table 1.

3.2.1 Phantom experiments

A phantom comprising 13 NiCl2-doped agarose vials
submerged in agarose gel was used, with T1 relax-
ation times ranging between 1100 and 2500 ms and T2
relaxation times between 50 and 170 ms. For further
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6 BOŽIĆ-IVEN et al.

T A B L E 1 Sequence parameters of the FAIR-myoASL sequence for phantom and in vivo measurements.

FA (◦) TE/TR (ms)

Experiment bSSFP spGRE bSSFP spGRE
Matrix
size

FOV
(mm2)

HR
(bpm)

Resolution/
slice
thickness

Partial Fourier/
generalized
auto-calibrating
partially parallel
acquisition rate

Phantom – Varying
HR

70 15 1.6/3.3 3.3/6.3 160 × 160 280 × 280 40–120

Phantom – Varying
FA

1–80 1–40 1.6/3.3 3.3/6.3 160 × 160 280 × 280 60 1.7 × 1.7 mm2 6/8

208 × 208 364 × 364 8 mm R = 2

In vivo 70 18 1.2/2.4 1.9/2.9 154 × 192 272 × 340 n/a

Abbreviations: FA, flip angle; FOV, field of view; HR, heart rate; spGRE, spoiled GRE; TE, echo time; TR, pulse repetition time.

evaluation, five vials with relaxation times in the
physiological range were selected. Phantom experiments
were performed at 3T (Magnetom Skyra, Siemens Health-
ineers). The FAIR-myoASL sequence was used with the
acquisition parameters provided in Table 1.

Three sets of experiments were performed to investi-
gate the effect of physiological and acquisition parameters,
respectively. First, phantom data were acquired for both
readout types for a range of FAs in bSSFP and spGRE with
two matrix sizes (i.e., with different AMS). Further, images
were acquired with varying simulated HR which resulted
in varying TI and, lastly, with fixed HR, FA and AMS for
control-tag delays between 6 and 12 s.

Prior to further processing, the signal polarity had been
restored based on the recovery curves obtained with differ-
ent TIs.32 To simulate the effect of flow during TI, a blood
volume fraction of 0.1433 and a blood replacement/in-flow
rate of 0.29 1/s were simulated, resulting in an effec-
tive MBF input value of 2.4 mL/g/min. The assumed
in-flow rate corresponds to about 4 mL/s for a myocardial
blood volume of 15 mL (about 10% of the left-ventricular
mass34,35). Following Equations (B7)–(B9), the control, tag
and baseline signals were generated from the image sig-
nal of different vials, which was obtained from manually
drawn ROIs. The inverted signal contributions to IC and
IT were taken from the selective and non-selective inver-
sion recovery, respectively. For the myocardial signal, a vial
with T1/T2 relaxation time of 1460/45 ms was used. The
blood signal was taken from four different vials with T1
relaxation times of 1770–2300 ms and T2 relaxation times
of 45–124 ms.

In addition to the phantom experiments, numerical
simulations have been performed to assess the effect of
the same physiological and acquisition-related parame-
ters on myoASL-based MBF. Details can be found in the
Numerical Simulations section of the Appendix S1.

3.2.2 In vivo experiments

The present study was approved by the local institutional
review board and written informed consent was obtained
from all participants prior to examination. Nine healthy
subjects (3 female, 6 male, 36 ± 8 years) with no history or
current symptoms of cardiovascular disease were included
in this study. The in vivo scans were performed at 3T
(Magnetom Prisma, Siemens Healthineers).

MOLLI32 T1 maps were acquired in each subject to
obtain blood T1 (T1,B) times in the corrected MBF cal-
culation. In the individual T1 maps, an ROI was manu-
ally drawn in the left ventricle and T1,B was determined
as the mean value across all pixels within this ROI. For
FAIR-myoASL, labeling and imaging were placed in the
systole for increased perfusion signal.28 The detailed imag-
ing parameters are given in Table 1. In six out of the nine
subjects, two repetitions of two FAIR-myoASL sequences
(bSSFP and spGRE) were acquired. Images were acquired
during 12–16 s long breath-holds, depending on the sub-
ject’s heart rate, with one image pair (baseline/control-tag)
per breath-hold.

Each FAIR-myoASL sequence consisted of seven
breath-holds: one for the baseline images and six for the
six control-tag image pairs. The bSSFP and spGRE data
sets were group-wise registered for each subject.36 Sub-
sequently, control-tag pairs subject to ECG mis-triggering
or a difference in TI larger than approximately 120 ms
were excluded prior to image analysis. For each subject,
the myocardium as well as a septal ROI were segmented
manually.37 Pixel-wise perfusion maps and segment-wise
septal MBF were obtained using uncorrected calculation
in bSSFP and spGRE as well as corrected spGRE calcula-
tion as described above. Global MBF values are reported
as the mean MBF across the myocardial ROI and across
all control-tag image pairs in each repetition. Mean septal
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BOŽIĆ-IVEN et al. 7

MBF values are reported as the septal MBF averaged across
all control-tag image pairs.

3.2.3 Statistical analysis

In simulation and phantom experiments, the correlation
of MBF with HR and FA was assessed using Spearman’s
correlation, respectively. To further evaluate the HR and
FA dependence, slope and intercept values were obtained
from a linear regression of simulation and phantom MBF.
Moreover, the relative MBF error

(
MBFphantom−MBFtrue

MBFtrue

)
was

compared across the calculation modes using a Friedman
test for group-wise comparison, followed by a Wilcoxon
signed-rank test for pair-wise comparison. For in vivo sep-
tal MBF and each readout-calculation combination, the
intra-subject variability within a measurement 𝜎p was cal-
culated as the PN averaged across all subjects:

𝜎p =
1

NS

NS∑

𝑗=1
PN

𝑗
, (8)

with number of subjects NS = 9. The PN for each repetition
m with N𝑗,m

CT control-tag image pairs is obtained as13

PN
𝑗,m =

1
√

N𝑗,m
CT

𝜎(MBF
𝑗,m)N𝑗,m

CT

=

√
√
√
√
√
√

∑N𝑗,m
CT

i=1

(
MBFi,𝑗,m −MBF

𝑗,m

)2

N𝑗,m
CT (N

𝑗,m
CT − 1)

. (9)

The mean between-measurement, intra-subject variabil-
ity wsSD of each sequence was defined as the difference
in mean MBF from the two repetitions scaled by

√
2 and

averaged over the corresponding subcohort (NS = 6):38

wsSD =
∑NS
𝑗=1wsSD

𝑗

NS

wsSD
𝑗
=

|
|
|
MBF

𝑗,1 −MBF
𝑗,2
|
|
|

√
2

. (10)

Lastly, the inter-subject variability isSD was evaluated as
the SD across the individual mean MBF values:

isSD =

√∑NS
𝑗=1(MBF

𝑗
−MBF)2

NS − 1

MBF = 1
NS

NS∑

𝑗=1
MBF

𝑗
. (11)

In subjects with multiple repetitions, only MBF data
from the first repetition has been used to obtain 𝜎p

and isSD. The intra- and inter-subject variability were
compared across the calculation modes using a Friedman
test for group-wise comparison, followed by a Wilcoxon
signed-rank test for pair-wise comparison. A significance
level of 0.05 was used in all statistical tests.

4 RESULTS

4.1 Phantom results

Simulated perfusion showed negligible differences
whether calculated with individual TIs, an average inver-
sion time TI for each control-tag pair, or a global TI
averaged per sequence as shown in Figure S1. There-
fore, in all further phantom and in vivo measurements
MBF was calculated with a pairwise averaged TI for each
control-tag pair. While differently evaluated TIs in MBF
calculation led only to small changes in the MBF devia-
tion, the HR variability appeared as a major confounder
in myoASL-MBF.

The following phantom results are shown for all four
combinations of readout and MBF calculation. Here,
corrected calculation in bSSFP refers to using individ-
ual T1,B values, but no saturation-baseline which is only
applied for spGRE as explained in the Section 3. The
relative error in simulated and phantom MBF for vary-
ing control-tag delays is shown in Figure S2. For uncor-
rected as well as corrected calculations, the MBF values
from bSSFP and spGRE readouts were largely constant
over the range of applied control tag delays. The differ-
ence in MBF between a 6 s long delay and the steady
state was<2.2%/<6.0% (bSSFP/spGRE) in simulations and
<4.8%/<3.8% (bSSFP/spGRE) in phantom experiments.
Thus, a control-tag delay of 6 s was chosen for all further
experiments.

4.1.1 Flip angle

Figure 3 shows the phantom MBF plotted against the
acquisition FA for two different AMSs. In uncorrected
bSSFP, phantom MBF increased with increasing FA
for all vials (0.73 < R2

< 0.86, slope: 0.01–0.02) except
one (T1/T2 of 1770/45 ms), where MBF was underesti-
mated with increasing FA (R2 = 1, slope: −0.004). For
all vials, longer AMS resulted in increased MBF values.
This FA dependence remained for bSSFP readout when
MBF was calculated with T1,B-correction (0.73 < R2

< 1).
In uncorrected spGRE, MBF values correlated strongly
with FA (0.82 < R2

< 1). Phantom MBF decreased with
increasing FA and was lower for longer AMS for all vials,
with linear slopes of −0.017 to −0.027. Using corrected
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8 BOŽIĆ-IVEN et al.

F I G U R E 3 Phantom myoASL-MBF from bSSFP and spoiled GRE (spGRE) readouts. Myocardial blood flow (MBF) was calculated with
(A), (C) fixed and (B), (D) individual blood T1 (T1,B). Additionally, for corrected spGRE (D) the saturation-baseline approach as proposed in
this work was used in MBF calculation. MBF is shown as a function of acquisition flip angle (FA) for two acquisition matrix sizes (AMS) and
four phantom vials (i.e. different blood T1 and T2). The slope (a1) and intercept (a2) for each vial are obtained from linear regression. Across
all vials, a strong FA dependence of bSSFP- and spGRE-based MBF is observed and this effect is exacerbated for larger AMS. When the
proposed correction is used in spGRE readouts, the FA dependence is alleviated over the range of acquired FAs.

calculation, spGRE-based MBF stayed largely constant
around 2.48 mL/g/min up to about 25◦ from where
it decreased slightly to 2.14 mL/g/min (0.27 < R2

< 1,
slope: −0.006 to −0.010). For all vials, group-wise com-
parison revealed a significant difference in relative
MBF error among the compared readout-calculation
combinations (p < 0.05). With fully corrected cal-
culation in spGRE-readouts, the relative MBF error
was significantly reduced compared to uncorrected
spGRE (p < 0.05) in all vials and showed a small,
non-statistically significant reduction compared to uncor-
rected bSSFP (0.05 < p < 0.25) in all vials except one
(p = 0.74∕0.84 for AMS 120/256, T1/T2 of 1865/82 ms).
Thus, the saturation-baseline approach was used for
the correction of spGRE readouts in the remainder of
this work.

Phantom-based MBF values from different vials are
plotted as a function of simulated HR in Figure S3. If
an incorrect T1,B was used for quantification, phantom
MBF showed a weak dependency on the HR (on aver-
age 0.01 mL/g/min per 100 ms change in RR). This effect
was more pronounced with larger difference between
actual and quantification T1,B (1700 ms). Significant

differences in relative MBF error were observed among
the three readout-calculation combinations when exam-
ined through group-wise comparison (p < 0.05). When the
correct T1,B was used, the relative MBF error was signifi-
cantly reduced compared to uncorrected MBF calculation
(p < 0.05) and MBF values were largely constant with HR
for both readout types (0.03< R2

<0.21/0.30< R2
<0.64

bSSFP/spGRE). A bias in MBF of 0.43/0.16 mL/g/min
(bSSFP/spGRE) remained across the different T1/T2
values.

Simulated MBF from bSSFP-readouts was overesti-
mated with increasing FA and AMS whether calculated
with or without individual T1,B (slope: 0.02–0.06, R2 =
1), as depicted in Figure S4. For the case of uncorrected
spGRE, MBF was largely constant up to FAs of about 5◦,
and was increasingly underestimated with FA increasing
beyond 5◦ (slope: −0.08 to −0.07), R2 = 1). With fully cor-
rected calculation, spGRE-based MBF was largely constant
over the entire range of FAs (AMS 120: slope 0.0, 0.0 <
R2
< 0.30; AMS 256: slope 0.0–0.01, 0.11 < R2

< 0.44). As
shown in Figure S5, simulated spGRE-based MBF was
constant over the range of simulated blood T2 values, while
bSSFP-based MBF showed a strong nonlinear relation.

 15222594, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29834 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [05/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BOŽIĆ-IVEN et al. 9

MBF obtained with bSSFP and spGRE readouts showed a
moderate dependence on T1,B, which is eliminated when
calculated with the correct T1,B. Increasing measurement
errors in T1,B led to increasing MBF errors (approximately
3% per 100 ms) for all four combinations of readout and
calculation mode (Figure S6). Further, if an inaccurate T1,B
is used in quantification, MBF shows a weak HR depen-
dence in both readouts, as illustrated in Figure S7, which
is alleviated when calculated with true T1,B.

4.2 In vivo results

Based on the relatively mild effect of T1,B compared to
the FA on simulated and phantom MBF, in vivo results
from bSSFP readouts are presented with uncorrected MBF
calculation only. Over all subjects, mean blood T1,B was
1860 ± 68 ms and the HR ranged from 47 to 72 bpm. Perfu-
sion maps and corresponding PN maps of the myocardium
are shown for two representative subjects in Figure 4. For
uncorrected bSSFP, mean global MBF ± PN were 3.05 ±
0.76 mL/g/min and 0.75 ± 0.34 mL/g/min for the two
subjects, respectively. In spGRE, global MBF was 3.14 ±

F I G U R E 4 MyoASL-perfusion and physiological noise (PN)
maps for two representative subjects. For uncorrected
bSSFP/spGRE readouts, mean global myocardial blood flow (MBF)
± PN was 3.05 ± 0.76/3.14 ± 1.52 mL/g/min in subject 1 and 0.75 ±
0.34/2.63 ± 1.36 mL/g/min in subject 2. Uncorrected bSSFP-maps
appear visually more homogeneous and show lower PN across the
myocardium compared to uncorrected spGRE-maps. With the
proposed correction, however, spGRE-maps were on par with
uncorrected bSSFP-maps showing improved image quality and
reduced PN compared to uncorrected spGRE. Mean global MBF ±
PN in this case was 1.98 ± 0.96 mL/g/min in subject 1 and 1.67 ±
0.87 mL/g/min in subject 2.

1.52/2.63 ± 1.36 mL/g/min (subject 1/2) with uncorrected
and 1.98 ± 0.96/1.67 ± 0.87 mL/g/min (subject 1/2) with
fully corrected calculation. In visual assessment, uncor-
rected bSSFP-based maps appeared more homogeneous
compared to uncorrected spGRE-based maps. With cor-
rected MBF calculation, however, the image quality of
spGRE-based perfusion maps was improved compared to
the uncorrected spGRE-maps and visually comparable to
the conventional bSSFP approach.

The intra-subject variability within (𝜎p) and between
measurements (wsSD) as well as the inter-subject vari-
ability (isSD) based on septal MBF are displayed in
Figure 5 for the three different combinations of read-
out and MBF calculation. In group-wise comparison,
𝜎p and wsSD showed significant differences among the
three combinations of readout and calculation mode (p <
0.05). Mean within-measurement, intra-subject variability

F I G U R E 5 (A) In vivo septal myoASL-MBF for all acquired
control-tag pairs and all nine subjects. With uncorrected
calculation, myocardial blood flow (MBF) from spGRE readouts
showed larger variation compared to bSSFP-based MBF. When MBF
was calculated with the proposed correction, however, the spread in
spGRE-MBF values was reduced compared to both uncorrected
bSSFP and spGRE. This is also reflected in the (B) mean intra- and
inter-subject variability: With the proposed correction, spGRE
readouts show improved reproducibility compared to uncorrected
spGRE and are comparable to uncorrected bSSFP.
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10 BOŽIĆ-IVEN et al.

was lower in uncorrected bSSFP (0.61 mL/g/min) than
in uncorrected spGRE (0.90 mL/g/min, p = 0.30). The
mean within-measurement, intra-subject variability in
corrected spGRE-based MBF calculation (0.60 mL/g/min)
was on par with uncorrected bSSFP (p = 0.73). Uncor-
rected bSSFP showed lower wsSD (0.58 mL/g/min, p =
0.44) and isSD (1.49 mL/g/min) compared to uncorrected
spGRE (0.74 and 1.92 mL/g/min, respectively). However,
when spGRE-MBF was calculated with individual T1,B
and saturation-baseline, wsSD was reduced compared to
uncorrected spGRE by 40% (p < 0.05) and showed a slight
but not significant reduction compared to uncorrected
bSSFP 22% (p = 1.0). With fully corrected MBF quantifi-
cation, the isSD of spGRE-MBF was reduced compared to
uncorrected bSSFP/spGRE by 13%/33%, respectively.

5 DISCUSSION

In this work, we investigated how physiolog-
ical and acquisition-related parameters affect
FAIR-myoASL-based MBF measurements, when bSSFP
or spGRE readouts are used. Our simulation and phan-
tom experiments suggest that, out of the investigated
parameters, the acquisition FA has the strongest effect
on the MBF and may cause spurious MBF deviations.
Through an adapted baseline acquisition this effect can be
mitigated for spGRE readouts. Furthermore, inaccurate
blood T1 relaxation times in the MBF calculation led to a
mild HR dependence which can be reduced if calculated
with individual T1,B. Using both approaches, spGRE-MBF
measurements with increased reproducibility have been
obtained.

This study uses the Buxton GKM which is a com-
mon choice with cardiac FAIR-ASL.13,17,22 However, sev-
eral simplifications are made when applying this kinetic
model. Importantly, the arterial transit time (ATT) effect
is considered to be negligible due to the relatively small
size of the labeling slab compared to the relatively fast
flow in the coronary arteries. However, ATT is known
to be a major confounder to accurate perfusion mea-
surements in other anatomies,39 and the validity of this
simplification in cardiac applications warrants thorough
investigation. Alternative approaches, such as saturation
preconditioning of the signal preceding the bolus edge,40

or velocity selective labeling,41,42 where labeling and imag-
ing volumes coincide, are promising for mitigating this
confounder. Furthermore, measurements, with multiple
postlabeling delays may allow for joint quantification of
the ATT to fully correct for this effect.43 These approaches
and the meteorological characterization of the impact of
ATT on FAIR-based cardiac ASL quantification remain an
important topic of future studies.

In this study, imaging is performed during systole,
when blood flow is minimal,23,24 resulting in less than 1%
of spins being exchanged throughout the imaging read-
out. Consequently, the MMF is only very weakly affected
by flow and spin-exchange during the acquisition readout.
However, in approaches that involve extended imaging
readouts during diastole or continuous imaging readouts,
like “cine-ASL”44, the in-flow effect becomes more rele-
vant. Recently proposed numerical models aim to capture
this phenomenon,45 offering a promising avenue for future
research in cardiac ASL. Additionally, the proposed correc-
tion scheme assumes that the MMF is identical for base-
line, control and tag acquisitions. While this is a common
assumption in all ASL techniques,16 differences in MMF
among those images may be caused by factors such as
changes in the in-flow rate during the readout or changes
in the effective FA. To that end, repeating baseline acqui-
sitions throughout the measurement may be useful to
minimize the resulting variability in perfusion calculation.

The acquisition FA was identified as a strong con-
founder in simulated and phantom myoASL-MBF mea-
surements. In both simulation and phantom experiments,
bSSFP-based MBF increased with increasing FA while
spGRE-based MBF decreased with increasing FA, when
conventionally calculated. As a result of the increased
number in applied RF pulses, the effect of the imaging
readout is exacerbated for larger AMS used in a snapshot
readout. These results are especially relevant in view of
the high B+1 variability across the myocardial region. Par-
ticularly at 3T, variations of up to 50% of the nominal FA
have been observed.46 In order to alleviate this FA depen-
dence, we proposed an adapted baseline acquisition and
MBF calculation for spGRE readouts using an additional
saturation-baseline image. Due to the nature of the MMF
in bSSFP, this approach can only correct for FA effects with
spGRE readouts. However, in this case, the FA dependence
is fully eliminated in simulated MBF and substantially
reduced in phantom experiments, potentially alleviating a
major acquisition-related confounder.

Perfusion values were comparable between bSSFP and
spGRE readouts in simulation and phantom experiments.
However, bSSFP-based MBF showed a larger variability
with blood T1/T2 relaxation times compared to spGRE
due to the T2 dependence of the bSSFP readout signal.
Our simulation and phantom results further show that
a mismatch between true and quantification T1,B may
render myoASL-MBF mildly dependent on HR. Cardiac
ASL has previously been reported in the literature with
intra-subject variability between 7.5%27 and 28%.28 In the
present study, those values ranged between 26% and 39%.
Thus, acquisition-related factors, such as FA and AMS,
can have a relevant impact on the measurement error in
cardiac ASL (up to 60% of MBF). HR-related factors, on
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BOŽIĆ-IVEN et al. 11

the other hand, were found to be mostly negligible in
our results (up to 2% of MBF). As a result, the effect of
using individual T1,B to alleviate the HR dependence is
less noticeable in visual assessment compared to using
the saturation-baseline for FA correction. Nonetheless, in
light of the prevalence of T1 mapping in clinical practice,47

individual T1,B values can easily be obtained in common
CMR examinations, and can often be incorporated without
adding extra scans to the protocol.

In vivo, mean global MBF values from uncor-
rected bSSFP readout (2.10 ± 0.95 mL/g/min) agreed
with previously reported PET-based resting MBF
(0.74-2.43 mL/g/min48). Compared to the reported MBF
at rest in healthy subjects as obtained from first-pass per-
fusion MRI (0.62 ± 0.13 to 1.24 ± 0.19 mL/g/min49,50),
the observed myoASL-MBF values were elevated across
all readout and calculation mode combinations. How-
ever, previous studies using myoASL reported values
between 0.7 and 2.7 mL/g/min13,22,27,51 for global rest-
ing MBF. Those values are comparable to the obtained
results using the bSSFP readout with uncorrected MBF
calculation across all but one subject. Compared to the
previously reported range for myoASL-based MBF, uncor-
rected spGRE-based MBF values were elevated (2.59
± 1.37 mL/g/min). When calculated with the correc-
tion, however, spGRE-based MBF (0.54–2.59 mL/g/min)
was generally in line with this range and comparable to
uncorrected bSSFP. The lowest observed perfusion val-
ues ranged at the lower end of MBF values reported in
first-pass perfusion literature (0.62–1.24 mL/g/min).50

With uncorrected calculation, spGRE-based MBF
showed higher PN, intra- and inter-subject variabil-
ity compared to bSSFP-based MBF. This is in agree-
ment with previous findings which demonstrate lower
signal-to-noise ratio and temporal signal-to-noise ratio
in cardiac imaging with spGRE snapshot imaging com-
pared to bSSFP readout.19 Calculating spGRE-based per-
fusion with the proposed correction tended to improve
precision: Both intra-subject variability and average PN
from corrected spGRE readouts were on par with uncor-
rected bSSFP-based values, while simultaneously provid-
ing reduced sensitivity to FA-related effects. Similarly, the
corrected spGRE approach resulted in less inter-subject
variability compared to both uncorrected bSSFP and
spGRE.

Nonetheless, variability in those measurements
remains high. This is likely due to PN, caused by tem-
poral fluctuations of the blood flow. Changes in the
heart rate can further induce timing variations within
a control-tag pair potentially impairing the variability
if not accounted for. Lastly, residual motion after reg-
istration, such as caused by beat-to-beat variability or
inconsistent breath-holds, might add to the uncertainty

in perfusion values. Further sequence development, such
as free-breathing or motion-corrected acquisitions, and
research into advanced postprocessing are warranted
to address these sources of variability. With respect to
diagnosis of myocardial ischemia, stress MBF cut-off val-
ues ranged between 0.91 and 1.86 mL/g/min,52,53 with
stress MBF values in healthy volunteers of 1.97 up to
4.5 mL/g/min.50 Thus, an effect size of about 55% can
be expected. The inter-subject variability obtained in the
present work, promises only moderate detection of those
changes. Thus, further reduction of the variability in
FAIR-myoASL remains crucial for achieving diagnostic
confidence as required in the clinic.

As it is common to ECG gated acquisitions, excessive
heart rate variability in combination with inadequate gat-
ing windows can lead to imaging in different effective car-
diac phases.54 Thus, in double ECG-gated FAIR-myoASL,
this effect can lead to incongruence between the control
and tag image. Due to the relatively stable duration of the
systole compared to the diastole,55 however, recent stud-
ies suggest that systolic FAIR-myoASL can offer higher
robustness to such timing issues.28 Future studies in tar-
geted cohorts, such as patients suffering from cardiac
arrhythmia, are warranted to further investigate the suit-
ability of systolic cardiac ASL in the clinic.

In the proposed work the correction was derived for
the case of a FAIR-ASL sequence. However, the pro-
posed saturation-baseline approach does not depend on
the labeling mode and is applicable to other ASL schemes
such as velocity42 or acceleration selective ASL.56 In fact,
Zhang et al. proposed a similar approach to account for
magnetization saturation in Look-Locker FAIR-myoASL
(LL-FAIR)57 using multivariate regression to eliminate the
T1 error. However, the performance was not compared to
conventional fitting approaches and the proposed method
was not explored in other myoASL sequences.

This study has several limitations. Current
FAIR-myoASL methods generally do not allow for exten-
sive myocardial coverage since large inversion slabs
can lead to increasing, nonnegligible transit delays.43,58

Velocity selective labeling may allow for larger myocar-
dial coverage as it is largely insensitive to transit delays,
albeit with potential sensitivity to residual motion.41,42

Future studies applying the proposed MBF calculation to
velocity-selective ASL are warranted. The FAIR-myoASL
sequence was acquired in healthy subjects at rest only and
no stress perfusion has been obtained. Repeatability, as
assessed by back-to-back scanning, presents only a subset
of the factors influencing reproducibility or intra-subject
variability in a clinical setting. Further, the reproducibility
and sensitivity of the corrected FAIR-myoASL approach
remain to be evaluated in patients with myocardial
pathology. Due to the relatively small number of subjects

 15222594, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.29834 by U

niversity C
ollege L

ondon U
C

L
 L

ibrary Services, W
iley O

nline L
ibrary on [05/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



12 BOŽIĆ-IVEN et al.

included in this proof-of-principle study, larger studies
assessing precision in a clinical setup or reproducibility
over more extended time periods or different scan set-
tings are warranted and would also allow for increased
statistical power in comparing the uncorrected and cor-
rected MBF calculation in bSSFP and spGRE readout.
In this study, individual T1,B were obtained with MOLLI
T1-mapping, which is known to underestimate T1.26,59

This could lead to inaccurate T1,B and, as shown in the
results, impair the effectiveness of the proposed MBF
calculation with individual T1,B to reduce the HR depen-
dence of myoASL-MBF. To that end, saturation based T1
mapping sequences can be used in future work.60

6 CONCLUSION

Myocardial ASL can offer a contrast-agent free alter-
native for myocardial perfusion assessment. Calculating
myoASL-MBF with inaccurate T1,B may lead to a mild
heart rate dependence of MBF which was reduced by using
individual T1,B values. Moreover, spurious MBF changes
due to a varying acquisition flip angle were identified as
the strongest confounder. With spGRE readouts, this effect
was mitigated through the acquisition of an additional
saturation-baseline image. This approach can improve the
robustness of myoASL and its potential clinical use in
future.
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APPENDIX A. SIGNAL EQUATIONS
FOR BSSFP AND SPGRE READOUT

A.1 bSSFP readout
The MMF for a bSSFP readout can be expressed via the
transient state magnetization as described by Scheffler.63

For a readout with flip angle (FA) 𝛼 and an 𝛼

2
-preparation

pulse, the magnetization vector after the k-th RF pulse can
be given as:63

M(k) =
(

sin
(
𝛼

2

)
M0 −Mss

)
𝜆

k
1 +Mss, (A1)

with initial magnetization M0, steady-state magnetization
Mss = 𝜌

√
E2(1−E1) sin(𝛼)

1−(E1−E2) cos(𝛼)−E1E2
, proton density 𝜌, coefficients

E1∕2 = e−TR∕T1∕2 , and the eigenvalue 𝜆1:

𝜆1 = cos(𝛼)(E1 − E2) +
√

cos2(𝛼)(E1 − E2)2 + 4E1E2

≈ E1cos2
(
𝛼

2

)
+ E2sin2

(
𝛼

2

)
. (A2)

With x = Mz(t0) the MMF becomes:

f bSSFP
MMF (x) = sin

(
𝛼

2

)
𝜆

k
1x +

(
1 − 𝜆k

1
)

Mss. (A3)
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A.2 spGRE readout
Similarly, the MMF for a spGRE readout can be derived
based on the Bloch equations. After a first RF pulse with
FA 𝛼 at t0 and a second after a repetition time TR, the
longitudinal magnetization Mz(t0 + TR) is given by

Mz(t0 + TR) = cos2(𝛼)E1Mz(t0) + cos(𝛼)(1 − E1)Mz,eq,
(A4)

with initial magnetization Mz(t0) and equilibrium magne-
tization Mz,eq. After k RF pulses, the longitudinal magne-
tization yields

Mz(k) = cosk(𝛼)E−(k−1)
1 Mz(t0)+

+

(k−2∑

i=0
(cos(𝛼)E1)−i

)

cos(𝛼)(1 − E1), (A5)

and the MMF for spGRE can be given as

f spGRE
MMF (x) = cosk(𝛼)E−(k−1)

1 x+

+ 1 − (cos(𝛼)E1)n−1

1 − cos(𝛼)E1
(1 − E1) cos(𝛼)𝜌Mz,eq.

(A6)

APPENDIX B. IMAGING SIGNAL
FOR BASELINE, CONTROL AND TAG
IMAGE IN FAIR-MYOASL

In both, control and tag images, the myocardium is
inverted in the imaging slice and recovers with T1,M dur-
ing the time TI preceding the imaging readout. Using
Equation (2), the myocardial signal contribution can thus
be expressed as

IM = VM(AMx−M + BM), (B1)

where x−M = 1 − e−TI∕T1,M .
The blood signal, however, differs between the two

settings. After the slice-selective inversion in the control
image, noninverted blood flows into the imaging slice with
in-flow rate fin giving rise to the signal contribution

I+C,B = VBfin(ABx+B + BB), (B2)

with x+B = 1. At the same time outflow of the initially
inverted blood occurs with the same rate fin, such that

the remaining noninverted blood contributes to the signal
with

I−C,B = VB(1 − fin)(ABx−B + BB), (B3)

where x−B = 1 − e−TI∕T1,B . Combining Equations (B2) and
(B3) the full contribution of blood signal to the control
image yields:

IC,B = VB(fin(ABx+B + BB) + (1 − fin)(ABx−B + BB)). (B4)

In tag images, the in-flowing blood is also inverted due to
the non-selective inversion, and can be expressed as

IT,B = VB(ABx−B + BB). (B5)

Finally, in the case of the baseline image, neither
myocardium nor blood is inverted (x+M = x+B = 1):

IBL,B = VB(ABx+B + BB)

IM,BL = VM(AMx+M + BM). (B6)

Combining the signal contributions from Equations
(B1)–(B6), yields the following signal equations for
the control (IC), tag (IT), and baseline signal (IBL) in
FAIR-myoASL:

IC = IM + IC,B =

= VM(AMx−M + BM)

+ VB(fin(ABx+B + BB) + (1 − fin)(ABx−B + BB)), (B7)

IT = IM + IT,B =

= VM(AMx−M + BM) + VB(ABx−B + BB), (B8)

IBL = IM,BL + IBL,B =

= VM(AMx+M + BM) + VB(ABx+B + BB). (B9)

Subtracting this saturation-baseline from the original
baseline image yields

IBL − IBL,Sat = VM(AMx+M + BM) + VB(ABx+B + BB)

− (VM(AM ⋅ 0 + BM) + VB(AB ⋅ 0 + BB)) =

= VMAMx+M + VBABx+B . (B10)
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