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Assessment of Myocardial Blood Flow (MBF) in Humans
Using Arterial Spin Labeling (ASL): Feasibility and Noise

Analysis

Zungho Zun," Eric C. Wong,?® and Krishna S. Nayak'

Arterial spin labeling (ASL) is a powerful tool for the quantitative
measurement of tissue blood flow, and has been extensively
applied to the brain, lungs, and kidneys. ASL has been recently
applied to myocardial blood flow (MBF) measurement in small
animals; however, its use in humans is limited by inadequate
signal-to-noise ratio (SNR) efficiency and timing restrictions
related to cardiac motion. We present preliminary results dem-
onstrating MBF measurement in humans, using cardiac-gated
flow-sensitive alternating inversion recovery (FAIR) tagging and
balanced steady-state free precession (SSFP) imaging at 3T,
and present an analysis of thermal and physiological noise and
their impact on MBF measurement error. Measured MBF values
in healthy volunteers were 1.36 + 0.40 ml/ml/min at rest, match-
ing the published literature based on quantitative '3N-ammonia
positron emission tomography (PET), and increased by 30%
and 29% with passive leg elevation and isometric handgrip
stress, respectively. With thermal noise alone, MBF can be
quantified to within = 0.1 ml/ml/min with 85.5% confidence, for
3.09 cm?® regions averaged over 6 breath-holds. This study dem-
onstrates the feasibility of quantitative assessment of myo-
cardial blood flow in humans using ASL, and identifies SNR
improvement and the reduction of physiological noise as
key areas for future development. Magn Reson Med 62:
975-983, 2009. © 2009 Wiley-Liss, Inc.
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Myocardial perfusion imaging (MPI) plays an essential
role in the diagnosis and risk assessment of patients with
coronary artery disease (CAD). While coronary angiogra-
phy provides an assessment of the coronary artery lumen,
MPI provides a direct assessment of the physiological sig-
nificance of the disease that may lead to clinical symp-
toms, electrocardiogram (ECG) changes, and eventually
ischemic events and outcomes. Its importance is under-
scored by the fact that roughly 10 million single-photon
emission computed tomography (SPECT) MPI scans are
performed each year in the United States alone. MRI-based
first-pass methods are widely used (1—4) and provide a
means to qualitatively assess myocardial perfusion with
higher spatial resolution than SPECT. These methods,
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while promising, have key limitations that include unre-
solved artifacts (e.g., dark rim) (5), difficulties with inter-
observer variability (6) and absolute quantification of
MBF, and the toxic syndrome known as nephrogenic fi-
brosing dermopathy in patients with end-stage renal dis-
ease (7).

Over the past several years, arterial spin labeling (ASL)
has developed into a powerful tool for the quantitative
measurement of tissue blood flow using MRI, and has been
primarily applied to the brain. In this approach, radiofre-
quency pulses are used to modify the longitudinal magne-
tization of arterial blood, generating an endogenous tag
that decays away with a time constant given by the T,
relaxation rate (=1.5 s for blood at 3T (8)). Images of the
target tissue are obtained both with and without the prep-
aration, and tissue blood flow and other parameters can be
extracted from signal differences. ASL has two key advan-
tages compared to other perfusion imaging techniques,
including MRI-based first-pass methods. First, the ASL
signal is inherently and quantitatively related to tissue
blood flow. Because the decay of the tag is rapid, images
must be acquired within a few seconds of the application
of the tag, and there is insufficient time for the tag to leave
the target tissue by venous outflow. Fast exchange of
tagged blood water with tissue water further decreases the
likelihood of washout. This results in a tracer technique in
which the tag is effectively trapped in the target tissue,
similar to the classic microsphere-based blood flow mea-
surement. Second, ASL MRI is completely noninvasive,
and does not require intravenous infusion of paramagnetic
contrast agents or exposure to ionizing radiation. It there-
fore poses no risk to the patient (above that of a conven-
tional MRI scan) and can be repeated indefinitely, opening
new opportunities for repeated or even continuous moni-
toring of patients as they undergo treatment.

Compared to brain ASL, myocardial ASL faces several
unique challenges. Cardiac motion requires the gating of
tagging and imaging to appropriate portions of the cardiac
cycle, rapid imaging during the stable cardiac phases (mid-
diastole or end-systole), and limits the tag delay to an
integer number of R-R intervals for most ASL tagging
schemes. Respiratory motion requires the acquisition of
tagged and control image pairs during the same breath-
hold, during synchronized breathing, and/or with careful
image registration. The cardiac geometry complicates the
location and timing of tagging, and leads to a high appar-
ent ASL signal in the left ventricular (LV) blood pool with
conventional tagging schemes (e.g., pulsed slab, continu-
ous). Finally, the intrinsic myocardial signal-to-noise ratio
(SNR) achieved with modern cardiac phased-array coils is
roughly three times lower than the intrinsic gray matter
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SNR achieved with modern head coils, leading to a signif-
icant increase in the number of averages required for reli-
able tissue blood flow quantification.

Previous attempts at myocardial ASL have been success-
ful in small animals (9,10) where SNR is high due to local
radio frequency (RF) coils, and heart rates are high, en-
abling apparent T; mapping (11) to be performed (i.e., the
T, recovery curve can be sampled at many time points,
each during a stable cardiac phase). In contrast, the devel-
opment of human myocardial ASL is still at an early stage
(12—16). Preliminary studies have been mostly based on
flow-sensitive alternating inversion recovery (FAIR)
(17,18), and differ in the models used for quantification
and the methods used for breathing control and image
acquisition. Wacker et al. (12) utilized apparent T; mea-
surement after a saturation pulse (instead of an inversion
pulse), which avoids the need for full relaxation between
measurements, leading to reduced scan time and im-
proved performance in the presence of irregular heart
rates. Zhang et al. (13,14) acquired sets of images following
a single inversion pulse for apparent T; measurement,
accounting for magnetization saturation effects due to im-
aging excitation, and demonstrated this approach in dogs
(13) and humans (14). Poncelet et al. (15) utilized a quan-
tification model derived from the Bloch equation, along
with synchronized breathing, double-gating, and echo-pla-
nar imaging (EPI) image acquisition. A data fitting proce-
dure was used to extrapolate the ASL signal from data
acquired with different inversion times (caused by varia-
tions in heart rate). An et al. (16) employed a similar
quantification model using FAIR tagging and balanced
steady-state free precession (SSFP) image acquisition, and
performed image acquisition in a pseudosteady state, as-
suming constant heart rate. Despite these attempts, no
robust ASL methods for the measurement of MBF in hu-
mans have been described, and we focus here on an anal-
ysis of the signal stability required for such measurements.

We demonstrate the feasibility of MBF measurement in
humans, using breathheld cardiac-gated FAIR tagging and
SSFP imaging at 3T, and present an analysis of thermal
and physiological noise and their impact on MBF mea-
surement error. Resting MBF measurements in 10 healthy
volunteers match ranges established using quantitative
1BN-ammonia positron emission tomography (PET). The
myocardial ASL signal was found to be inflow-dependent,
and was found to increase with passive leg elevation and
isometric handgrip stress. We also determine that myocar-
dial ASL is critically limited by SNR and physiological
noise, which are important challenges for further investi-
gation.

MATERIALS AND METHODS

Pulse Sequence

Myocardial ASL was performed using a cardiac-gated
FAIR-SSFP (16,19) pulse sequence illustrated in Fig. 1.
FAIR tagging utilizes slab-selective and nonselective in-
version pulses applied alternately to generate control im-
ages (without inversion of out-of-slice blood) and tagged
images (with inversion of out-of-slice blood), respectively.
Inversion and imaging are both centered at the same car-
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diac phase (mid-diastole, as determined by cinema/video
[CINE] scout scan) in successive R-R intervals such that
the inversion slab contains the imaging slice, and the
estimated MBF provides the average perfusion rate of pul-
satile blood flow over one R-R interval. One pair of control
and tagged images was acquired during a single breathhold
to minimize spatial misregistration during subtraction.
There was a 6-s time delay between the two image acqui-
sitions, to allow for near-complete recovery of longitudinal
magnetization. Six breathholds (~10-12 s each) were per-
formed to enable signal averaging of the tagged and control
images. One short breathhold (<3 s) was performed to
acquire a baseline image (i.e., with no preparation) for
quantification. The time delay between breathholds was
kept =15 s to ensure complete recovery of longitudinal
magnetization. The subject’s heart rate was monitored, and
pulse timings were adjusted in real-time to follow the
appropriate cardiac phase. To achieve complete cancella-
tion of static tissue signal during subtraction, the inversion
delay was kept identical for each image pair obtained in
the same breathhold. If there was a change in heart rate
during the breathhold, the timing of the inversion pulse
prior to the second image acquisition was shifted slightly,
and for all practical purposes, still occurred during dias-
tasis. The order of control and tagged image acquisition
was alternated in each breathhold and an even number of
repetitions was used, in order to eliminate any bias due to
incomplete recovery.

Image acquisition was performed using a snapshot two-
dimensional Fourier transform (2DFT) balanced SSFP se-
quence with TR = 3.2 ms (total duration = 313 ms), 50°
prescribed flip angle, and linear view ordering with full
k-space acquisition. A five-tip linear ramp was used to
reduce signal oscillations during the transient SSFP acqui-
sition (20,21). In each study, a single mid-short-axis slice
was imaged using a 96 X 96 matrix over a 20-cm—24-cm
isotropic field of view (FOV), with slice thickness =
10 mm. Acquisitions were prospectively gated using ECG
or photoplethysmograph signals. Inversions were
achieved using adiabatic (hyperbolic secant) pulses be-
cause of their insensitivity to B, and B; variation. For
slab-selective inversion, a thickness of 30 mm was used to
trade off tolerance to slice profile imperfections and reduc-
tion of transit delay.

Reconstruction

Images were reconstructed using sensitivity encoding
(SENSE) (22) with the reduction factor, R = 1, also known
as optimal B, reconstruction (OBR) (23,24). Thus, SENSE
reconstruction was used not for acceleration but to opti-
mally combine signal from all coils and produce real-
valued images that retain Gaussian image statistics even
when the signal amplitude is close to zero. Note that in
low SNR cases, sum-of-squares reconstruction results in
an image signal that follows a noncentral chi distribution.
Coil sensitivity maps and the channel noise covariance
matrix were obtained in a standard way (22) prior to ASL
imaging.

Quantification

Regions of septal myocardium were manually segmented
for each breathhold, based on the difference signal (control
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Control: selective INV

Tagged: non—sel INV

FIG. 1. Myocardial ASL pulse se-
quence. Tagging and imaging are
both centered at mid-diastole.
Using flow-induced alternating in-
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sion (SSFP) sequence that is pre-
ceded by fat saturation, to reduce
signal from epicardial fat, and a
five-tip linear ramp preparation, to
minimize transient signal oscilla-
tions. During each breathhold,
one control image and one
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tagged image are acquired with a
6-s pause between.

—tagged). Regional MBF was estimated using the following
equation:

c-T

MBE = 2B RR-e ™

[1]

derived from Buxton’s general kinetic model (25), where
C, T, and B refer to the mean myocardial signal on the
region of interest (ROI) in the control, tagged, and baseline
images, RR represents the interval between two consecu-
tive R waves, and T, corresponds to the T; of blood. Signal
averaging was performed over voxels within an ROI as
well as over multiple breathholds to increase SNR.

Thermal Noise Analysis

Tagged and control images will each be corrupted by ther-
mal noise, which will propagate to the MBF measurement.
For Cartesian acquisitions, thermal noise is independent
and identically distributed (i.i.d.) additive white Gaussian
in the image domain. Consider oy to be the noise standard
deviation (SD) for each voxel in each source image (tagged
and control). C— T in Eq. [1] can be considered a random
variable with a standard deviation \/5 - oy for each voxel.
When signals are averaged over N,, voxels (e.g., over a
spatial region and/or multiple breathholds), the SD of C -
T becomes 2/N,,, * oy. Therefore, the measured MBF

Blood (contral)

Blood (tagged)
— Myocardium

error (AMBF) is expected to follow a Gaussian distribution,
with zero mean and SD:

\Z/Navg' ON
OMBET = 5B RR- o PO [2]

where variations in B can be neglected because of the high
SNR of baseline images (>40 in our studies). For a given
SNR, RR interval, and T; of blood, Eq. [2] relates the
number of averages, N, to the distribution of measured
MBF error. We calculated the minimum number of voxels
to be averaged such that the measured MBF error is <0.1
ml/ml/min with >90% confidence. With SNR = 70, heart
rate = 60 bpm, and T of blood = 1660 ms, this minimum
number is about 300. In order to achieve close to this
number of voxels over a septal ROI, we acquired six tagged
and control image pairs during six breathholds, with about
50 voxels in the prescribed ROI for each breathhold for all
scans. MBF measurement confidences were reexamined
after the scan using the actual ROI sizes and the measured
SNR for each subject.

Physiological Noise Analysis

One of the critical sources of errors in myocardial ASL is
the physiological noise caused by metabolic fluctuation,
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respiratory and cardiac motion, and other unknown vari-
ations over time. The variance of MBF measurements from
each of the six breathholds was calculated to estimate the
temporal variation of the measurements. For the offset
caused by alternating control/tagged imaging order to be
excluded from the variance estimation, the variance of six
measurements, og> was calculated as follows.

2 2
2 O odd + O even
of = o [3]

where 0,44% is a variance of average MBF from the first,
third, and fifth breathholds (tagged image acquired before
control image), and o..,% is a variance of average MBF
from the second, fourth, and sixth breathholds (control
image acquired before tagged image). Based on the Gauss-
ian model of physiological noise, the measured MBF error
averaged from six breathholds follows a Gaussian distri-
bution with zero mean and SD:

Og

— [4]
YNy

O MBEP =

where Nppis the number of breathholds, which was six for
all scans. The probability of measured MBF error being
<0.1 ml/ml/min was recalculated using this distribution.

Experimental Methods

Experiments were performed on two 3T whole-body short-
bore scanners (Signa Excite HD; GE Healthcare, Waukesha,
WI, USA) with gradients supporting 40 mT/m amplitude
and 150 mT/m/ms slew rate. The body coil and an eight-
channel cardiac array coil were used for RF transmission
and signal reception, respectively. Each subject was
screened and provided informed consent in accordance
with institutional policy.

Resting MBF

Resting MBF measurements were performed in 10 healthy
volunteers (8 males/2 females, ages 28—-35 years, heart
rate = 5076 bpm). Five of the subjects were imaged twice
on separate days, resulting in 15 total scan sessions. No
restriction was placed on exercise or caffeine/food intake
prior to imaging.

Dependence on Inflow

In five healthy subjects, myocardial ASL scans were per-
formed with three different tagging regions. In these three
scans, the thickness of the selective inversion used for the
control image was modified to include either: Case 1) only
the imaging slice (3 cm thick); Case 2) the entire LV myo-
cardium up to the aortic valve plane (12 cm thick); or Case
3) everything (nonselective). Increasing the thickness of
the slab-selective inversion reduces the tagged blood vol-
ume, and is expected to reduce the measured MBF. Case 2
excludes blood already in the coronary vasculature. Case 3
excludes all blood, leading to an expected MBF measure-
ment of zero.
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Modulation with Mild Stress

In seven healthy subjects, myocardial ASL scans were
performed at rest, and with two forms of mild stress: leg
elevation and handgrip. For leg elevation, both of the
subjects’ legs were passively elevated by 30—40 degrees to
increase venous return. Leg elevation started 5 min before
scanning and was maintained throughout the ASL scan.
For handgrip stress, the subjects were asked to maintain
isometric handgrip at 40% of maximum voluntary contrac-
tion (MVC) (26,27). Handgrip was initiated 1-2 min before
each ASL scan, was maintained throughout the ASL scan,
and was monitored by a handgrip dynamometer. MBF
during handgrip is expected to be roughly 35% higher
than at rest (28). Aortic blood flow (ABF) during leg ele-
vation is expected to be roughly 16% higher than at rest,
which likely also results in increased MBF (29). For this
study only, subjects were asked to refrain from caffeine or
food intake for 4 h prior to the scan, because they can
increase resting MBF, and reduce the amount of MBF
modulation caused by these stressors.

RESULTS
Resting MBF

The measured resting MBF, SD of MBF error, and confi-
dences for MBF error <0.1 ml/ml/min based on thermal
noise only and physiological noise are summarized in
Table 1. The measured MBF range was 0.74—-2.25 ml/ml/
min, which is consistent with the quantitative *N-ammo-
nia PET literature that has reported 0.73-2.43 ml/g/min as
a range for asymptomatic human subjects (30). The confi-
dence based on thermal noise only was in a range of
70.0-98.5%. This variation can be largely explained by the
variation in intrinsic SNR and the variation in septal ROI
size across subjects. The septal ROI size ranged from 1.35
to 6.53 cm?, where smaller septal ROIs were used in sub-
jects with thinner myocardium. The confidence based on
physiological noise was 18.2-94.0%, showing a substan-
tially wider range compared to that of thermal noise. The
SD of MBF error due to thermal noise only and physiolog-
ical noise were 0.0682 * 0.0186 ml/ml/min and 0.2300 *
0.1206 ml/ml/min, respectively. The physiological noise
is about 3.4 times higher than thermal noise although this
value is affected by the size of ROI for each breathhold.
Note that the effect of thermal noise decreases systemati-
cally with larger ROI size; however, this is not the case for
physiological noise, as it is expected to have spatial cor-
relation.

Figure 2 contains an illustration of the septal ROI, and a
plot of resting MBF measurements from one volunteer (top
row of Table 1) as a function of the number of voxels
averaged. For this particular subject, the total number of
voxels over six breathholds was 483 and measured SNR
was 73.9. With these parameters, the calculated probabil-
ity of measured MBF error being <0.1 ml/ml/min was
96.1% based on thermal-noise only, but was 94.0% when
accounting for physiologic noise.

Figure 3 shows six MBF measurements averaged for
each breathhold in time order from the same subject. As
specified earlier, the order of control and tagged image
acquisitions alternated, with {tagged, control} in the odd
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Table 1
MBF Measurements in Healthy Volunteers at Rest*
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Thermal noise only Physiological noise

Age (years) and gender MBF SNR ROI size
(M/F) (ml/ml/min) (B/ow) (cm?d) OMBE,T Confidence OMBF,P Confidence
(ml/ml/min) (%) (ml/ml/min) (%)
29 M 0.74 73.9 3.50 0.048 96.1 0.053 94.0
31F 0.83 55.9 1.35 0.096 70.5 0.090 73.6
28 F 1.11 80.5 2.10 0.060 90.6 0.219 35.3
33 M 1.16 42.5 2.55 0.094 71.2 0.181 42.0
28 F 1.16 75.8 3.47 0.046 97.0 0.113 62.6
34 M 1.17 66.6 2.35 0.071 84.3 0.146 50.6
31 M 1.21 50.0 2.45 0.097 70.0 0.331 23.7
34 M 1.27 63.4 6.53 0.041 98.5 0.201 38.1
31 M 1.33 68.3 2.42 0.064 88.4 0.160 46.8
33 M 1.37 43.3 3.73 0.086 75.8 0.279 28.0
32 M 1.60 80.6 4.08 0.053 94.0 0.432 18.2
35M 1.62 68.0 3.00 0.056 92.8 0.239 32.4
35M 1.77 50.5 3.12 0.073 82.9 0.180 42.2
29 M 1.85 55.8 2.92 0.077 80.5 0.434 18.2
31 M 2.25 81.6 2.83 0.061 89.6 0.392 20.2
Average 1.36 63.8 3.09 0.068 85.5 0.230 41.7

*Columns contain the measured MBF, SNR, size of the septal ROI, SD of measured MBF, and confidence (probability of measured MBF
error being < 0.1 ml/ml/min) from 15 scans of healthy subjects. Data are sorted in ascending order according to MBF.

breathholds and {control, tagged} in the even breathholds.
Note that the MBF measurements from {tagged, control}
pairs are always higher than those from {control, tagged}
pairs. This error appears to stem from incomplete static
tissue cancellation due to time delay of 6 s, which is
insufficient for the full relaxation of longitudinal magne-
tization. Based on Bloch simulation and Eq. [1], the MBF
error caused by a 6-s time delay is £0.25 ml/ml/min for the
heart rate of this subject, which appears consistent with
the pattern of oscillation seen in Fig. 3. This effect is best
seen in this particular dataset because it exhibited the
lowest temporal noise of our 15 scans.

Dependence on Inflow

Table 2 contains MBF measurements from five subjects in
which the thickness of the control image inversion slab

was modified to include just the imaging slice, the entire
left ventricle, and everything. In all subjects, thickening
the inversion slab reduced measured MBF. The average
change in MBF with inversion of the left ventricle and
everything with respect to regular MBF were —68% and
—92%, respectively. This matched our expectation that
excluding blood in the coronaries from tagging would
result in lower estimated MBF than that from including all
out-of-slice blood, and supports the notion that the ASL
signal measured by this approach is dominated by inflow.

Modulation With Mild Stress

Table 3 contains MBF measurements from seven subjects
at rest and with two forms of mild stress, passive leg
elevation and handgrip at 40% of MVC. The average heart
rate change from rest was —1% with leg elevation and 0.3%

—~ 1F

£ o

E O

£ c° §& & FsF o F o

= o 5 O c&

: §

L 05¢f

L o

=
D 1 1 ! 1 1
0 100 200 300 400 200

# pixels

FIG. 2. MBF measurement from the ventricular septum of one subject. (Left) lllustration of the septal ROI that is manually segmented based
on ASL difference images. The ROI volume was 3.50 cm®. (Right) Measured resting MBF as a function of the number of voxels averaged.
Roughly 50 voxels were segmented for each breathhold, resulting in a measurement of 0.74 ml/ml/min based on six breathholds (rightmost
data point). All other data points were simulated by considering subsets of the six breathholds. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]
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FIG. 3. Six MBF measurements averaged for each breathhold with
alternating control/tagging image order. The solid line in the middle
corresponds to the MBF value averaged over all voxels from six
breathholds (0.74 ml/ml/min), and two dotted lines represent esti-
mated upper (0.74 + 0.25 ml/ml/min) and lower (0.74 - 0.25 ml/ml/
min) bounds of signal deviation due to incomplete static tissue
relaxation.

with handgrip. MBF measurements during leg elevation
and handgrip were higher than MBF measurement at rest
in five subjects, comparable in one subject, and lower in
one subject. The average increases in MBF were 30% and
29% with leg elevation and handgrip, respectively. These
results are comparable to those in Refs. 25 and 26 where
ABF during passive leg elevation increased by roughly
16%, and MBF during handgrip increased by roughly
35%. The 29% increase of MBF with handgrip is statisti-
cally significant (P = 0.045) while the 30% increase of
MBF with leg elevation is not statistically significant (P =
0.157), largely due to the outlier result from the fourth
volunteer.

DISCUSSION

This study demonstrates that subtractive myocardial ASL
at 3T with pulsed tagging and SSFP imaging yields a
distinct and measurable signal in human myocardium. In
healthy volunteers, this signal is consistent with MBF
ranges established using *N-ammonia PET, and shows a
tendency to be inflow-dependent and modulate as ex-
pected with mild forms of stress. This study supports the
feasibility of quantifying MBF in humans noninvasively
using ASL.

This study has also determined that myocardial ASL
MRI is limited by SNR. Although normal MBF is roughly
twice as high as normal cerebral blood flow (CBF) (30,31),
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the intrinsic myocardial SNR when using modern eight-
channel cardiac coils is roughly three times lower than
gray matter SNR when using modern eight-channel head
coils (measured on our 3T scanner in three healthy volun-
teers), primarily due to the larger noise-producing volume.
This results in the need for a higher number of signal
averages in myocardial ASL, compared to brain ASL, in
order to achieve diagnostically useful confidence. Further-
more, because it is not practical to use 50+ repetitions in
myocardial ASL (equal to the number of breathholds),
spatial signal averaging is also required. The current spa-
tial resolution of our MBF measurements is roughly 3 cm?
(much larger than the resolution of the base images, 2.5 X
2.5 X 10 mm?) due to this need for spatial signal averaging.

As an alternative to voxelwise myocardial perfusion
mapping, ROI-based analysis appears to be feasible, with
segmental resolution similar to the standard 17-segment
model (32). Figure 4 contains a voxelwise perfusion map
from one breathhold, and a ROI-based perfusion map from
20 breathholds for comparison, both from the same
healthy volunteer that exhibited moderate physiologic
noise (oyprp = 0.069 ml/ml/min for the entire myocar-
dium). For the ROI-based perfusion map, only endocardial
and epicardial borders from each breathhold were delin-
eated manually based on the difference image, and the
circumference of the left ventricle was automatically di-
vided into eight segments. Signal averaging was performed
within each segment over multiple breathholds, yielding
one MBF estimate that represents each segment. This way,
even with the rather low SNR of myocardial ASL, the
current approach may provide a perfusion map that is of
diagnostic value, without requiring image registration for
signal averaging.

Improvements in SNR efficiency will of course benefit
ROI-based perfusion mapping, and will enable shorter
scans, smaller ROIs, and tighter confidence intervals. Myo-
cardial SNR is expected to be increased 50-75% with
emerging 16- and 32-channel cardiac coils (33). Further-
more the SNR of myocardial ASL can be expected to im-
prove with the development of more efficient tagging
schemes (specific to the heart) and with the development
of image acquisition methods optimized for detecting the
ASL signal, both of which remain as future work.

Physiological noise (sometimes called temporal noise) is
a crucial factor in myocardial ASL mostly due to breathing
motion. Our preliminary estimates suggest that physiolog-
ical noise in these studies was approximately 3.4 times

Table 2
MBF Measurements With Different Slab-Selective Inversion Thicknesses*
Tag excludes LV Null tag
Age (years) and gender (M/F) FAIR MBF MBF
0, 0,
(ml/ml/min) Change (%) (ml/mi/min) Change (%)
31 M 1.21 0.36 -70 0.17 —-86
28 F 1.16 0.64 —45 0.11 -91
29 M 1.85 0.83 —55 —0.36 -119
32 M 1.60 0.13 -92 0.69 -57
34 M 1.17 0.25 -79 -0.07 —-106
Average 1.40 0.44 —68 0.11 —-92

*FAIR = 3 cm, Tag excludes LV = 12 cm, Null tag = nonselective.
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Table 3
MBF Measurements at Rest, With Passive Leg Elevation and With Isometric Handgrip Exercise, and Heart Rates for Each Study*
Leg elevation Handgrip
Age (years) and gender Resting MBF
(M/F) (HR) MBF o MBF g
(HR) MBF change (%) (HR) MBF change (%)
29 M 0.74 (62) 0.99 (60) 34 0.98 (62) 32
31F 0.83 (50) 1.31 (52) 58 1.25 (52) 51
28 F 1.11 (68) 1.83 (71) 65 1.57 (75) 41
31 M 1.33 (64) 0.96 (68) —28 1.17 (64) -12
32 M 1.03 (68) 1.06 (64) 3 1.31 (67) 27
29 M 1.04 (66) 1.08 (56) 4 1.01 (60) -3
32 M 0.50 (69) 0.87 (71) 74 0.84 (68) 68
Average 0.94 (64) 1.16 (63) 30 1.16 (64) 29

*Average heart rate change from rest was —1% with leg elevation and 0.3% with handgrip. MBF measurements are in ml/ml/min and HR

is in beats per minute (bpm).
HR = heart rate.

higher than the level of thermal noise, which would sug-
gest the use of far more than six breathholds. However, the
SD of the physiological noise distribution over different
subjects was also 6.5 times higher than that of thermal
noise only. This indicates that the number of breathholds
needed for confidence in the derived MBF measurement
will vary significantly across subject, while thermal noise
is relatively consistent over different subjects and can
yield <0.1 ml/ml/min error with 85.5% confidence with
six breathholds. This provides strong motivation for future
investigation of background suppression (BGS) schemes
and novel tagging schemes that have the potential to re-
duce physiological noise.

One important drawback of FAIR tagging (or any slab-
selective tag of the proximal aorta in the short-axis plane)
is that the tagged region includes blood in the left atrium
and possibly a portion of the left ventricle. This results in
spurious ASL signal in the LV blood pool that may inter-
fere with measurement of the myocardial ASL signal. The
effect is most readily apparent in difference images, where
the LV blood pool is typically 30—40 times brighter than
adjacent myocardium. One possible solution is to apply
diffusion sensitizing gradients (DSG) with low diffusion
weighting to dephase blood flow (34) immediately prior to
image acquisition in both control and tagged images.
While this is a simple solution to suppress signal from the
LV blood pool, it has a disadvantage that the tagged blood
in the myocardium experiences signal attenuation due to

FIG. 4. MBF maps (ml/ml/min)
from one healthy volunteer with
moderate physiological noise.
(Left) Voxelwise MBF map from
one breathhold (values < 0.0 ap-
pear black, values > 2.0 appear
white). (Right) ROI-based MBF
map from 20 breathholds (LV
myocardium is divided into eight
radial segments).

T, relaxation and motion-related dephasing, leading to
SNR loss. LV blood in the ASL difference image can also
be suppressed by more sophisticated tagging scheme such
as one that selectively excludes the left atrium and left
ventricle while tagging the proximal aorta. Suppression of
the LV blood signal is likely to reduce physiological noise
and allow the use of larger myocardial ROIs while avoid-
ing partial volume effects in voxels along the endocardial
border.

Unlike brain ASL, image acquisition in the steady state
is difficult for myocardial ASL because the duration of
breathholds is limited and the heart rate can vary during a
scan session. We chose a multiple breathhold strategy,
where each breathhold contained a pair of control and
tagged images with time delay of 6 s between them. In
order to compensate for MBF measurement error caused
by incomplete relaxation, we alternated the order of con-
trol and tagged images, and used an even number of
breathholds. It is possible to use longer time delays be-
tween tagged and control images (e.g., 10 s) to provide
more complete relaxation; however, this increases the du-
ration of each breathhold, which increases the possibility
of misregistration and changes in the T; of blood due to
deoxygenation. In our experience, alternating the order of
the tagged and control images proved to be a simple and
effective way to mitigate error caused by incomplete relax-
ation. Ultimately, free-breathing methods employing ad-
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vanced prospective gating and tracking may be necessary
for routine application of myocardial ASL in patients.

Brain ASL has evolved over the past 15 to 20 years, and
many important innovations can be applied to myocardial
ASL. For instance, BGS has proved useful for the reduc-
tion of physiological noise in brain ASL (35-38), and may
also be beneficial in myocardial ASL where breathing mo-
tion is significant. Also, pseudocontinuous tagging (39),
which provides the highest tagging efficiency among ex-
isting brain ASL methods, may be applied to myocardial
ASL, as a means to improve SNR. In this case, the spatial
placement and the timing of flow-driven tagging pulses
should be optimized to the coronary artery geometry and
pulsatile flow pattern, in order to produce the highest
tagging efficiency.

The validation of myocardial ASL in humans is compli-
cated by cardiac and respiratory motions, and the lack of
an established ground truth with which to compare the
results from proposed method. This is quite different from
animal studies, where sedation is possible and results can
be compared with invasive microsphere-based blood flow
measurement. A definitive validation of proposed meth-
ods against a gold standard such as '*N-ammonia PET
would be a natural follow-up to this study.

CONCLUSIONS

We have demonstrated the feasibility of myocardial blood
flow assessment in humans, using ASL at 3T. MBF mea-
surements in healthy volunteers at rest were consistent
with MBF ranges established by the quantitative PET lit-
erature. These MBF measurements were inflow-depen-
dent, and increased by 30% and 29% with passive leg
elevation and handgrip stress, respectively, as expected.
This study also demonstrates that myocardial ASL is lim-
ited by SNR, and that accurate perfusion assessment with
the technique is currently limited to ROI analysis. Sources
of physiological (nonthermal) noise and suppression tech-
niques remain to be explored. There is substantial oppor-
tunity for improved tagging and imaging methods that may
strengthen the myocardial ASL signal while reducing tem-
poral noise.
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