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Arterial Spin Labeled CMR Detects Clinically
Relevant Increase in Myocardial Blood Flow
With Vasodilation
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OBJECTIVES This study sought to determine whether arterial spin labeled (ASL) cardiac magnetic
resonance (CMR) is capable of detecting clinically relevant increases in regional myocardial blood flow
(MBF) with vasodilator stress testing in human myocardium.

BACKGROUND Measurements of regional myocardial perfusion at rest and during vasodilatation
are used to determine perfusion reserve, which indicates the presence and distribution of myocardial
ischemia. ASL CMR is a perfusion imaging technique that does not require any contrast agents, and is
therefore safe for use in patients with end-stage renal disease, and capable of repeated or continuous
measurement.

METHODS Myocardial ASL scans at rest and during adenosine infusion were incorporated into a
routine CMR adenosine induced vasodilator stress protocol and was performed in 29 patients. Patients
who were suspected of having ischemic heart disease based on first-pass imaging also underwent x-ray
angiography. Myocardial ASL was performed using double-gated flow-sensitive alternating inversion
recovery tagging and balanced steady-state free precession imaging at 3-T.

RESULTS Sixteen patients were found to be normal and 13 patients were found to have visible
perfusion defect based on first-pass CMR using intravenous gadolinium chelate. In the normal subjects,
there was a statistically significant difference between MBF measured by ASL during adenosine infusion
(3.67 = 1.36 ml/g/min), compared to at rest (0.97 = 0.64 ml/g/min), with p < 0.0001. There was also a
statistically significant difference in perfusion reserve (MBF,.../MBF,..,) between normal myocardial
segments (3.18 £ 1.54) and the most ischemic segments in the patients with coronary artery disease
identified by x-ray angiography (1.44 = 0.97), with p = 0.0011.

CONCLUSIONS This study indicates that myocardial ASL is capable of detecting clinically relevant
increases in MBF with vasodilatation and has the potential to identify myocardial ischemia. (J Am Coll
Cardiol Img 2011;4:1253-61) © 2011 by the American College of Cardiology Foundation
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ABBREVIATIONS
AND ACRONYMS

ASL = arterial spin labeling

CAD = coronary artery disease

CMR = cardiac magnetic
resonance

ECG = electrocardiogram

ESRD = end-stage renal disease

FAIR = flow-sensitive

alternating inversion recovery
MBF = myocardial blood flow

MPI = myocardial perfusion

imaging

PET = positron emission
tomography

SPECT = single-photon emission

computed tomography

SSFP = steady-state free
precession

ssessment of myocardial perfusion, ventricular
function, and coronary anatomy play impor-

tant and complementary roles in the man-
agement of the patients with coronary

artery disease (CAD). Myocardial perfusion imag-
ing (MPI), when coupled with exercise, pharmaco-
logical stress, or vasodilation, indicates the presence
and distribution of myocardial ischemia at rest and
stress, and can demonstrate perfusion reserve. Myo-
cardial perfusion refers here to the general

See page 1262

phenomenon of blood delivery to the myocardium,
and myocardial blood flow (MBF) refers to the rate of
delivery, typically in ml (blood)/g (tissue)/min.

There are several existing methods for
MPI. Single-photon emission computed
tomography (SPECT) is by far the most
widely used approach, with 10 million
scans performed each year. Positron emis-
sion tomography (PET) is an alternative
that can quantify MBF. Both SPECT and
PET have low spatial resolution and can-
not reliably detect nontransmural perfu-
sion deficits. In addition, exposure to ion-
izing radiation poses a risk to the patient
and limits the use of these approaches for
repeated or real-time scanning. Cardiac
magnetic resonance (CMR) methods us-
ing contrast agents provide a means to
qualitatively assess MBF, with higher spa-
tial resolution and without the burden of
radiation. In these methods, a bolus of
intravenous contrast agent is administered,
and the first pass of the bolus through the
heart chambers and myocardium is mon-
itored by rapid dynamic imaging. First-pass perfu-
sion imaging is currently limited by unresolved
artifacts (e.g., dark rim), difficulties with interob-
server variability and absolute quantitation of MBF,
and the toxic syndrome known as nephrogenic
fibrosing dermopathy in patients with end-stage
renal disease (ESRD) (1).

In this study, we evaluate a relatively new ap-
proach based on arterial spin labeling (ASL) CMR.
Over the past few years, ASL. CMR has become a
powerful tool for the quantitative measurement of
tissue blood flow. It is widely used in brain studies
to measure regional cerebral blood flow (2) and has
been applied successfully to perfusion measurement
in other static tissues such as skeletal muscle (3) and
kidneys (4). In ASL CMR, radiofrequency pulses
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are used to modify the longitudinal magnetization
of arterial blood, generating an endogenous tag that
decays away with a time constant given by the T1
relaxation time. After a delay to allow tagged blood
to flow into the target tissue, an image is acquired
that reflects the inflow of tagged blood as well as
static tissue in the slice. A second (control) image is
then acquired in the absence of a preceding tag
pulse. The difference between these 2 images re-
flects the amount of tagged blood that has been
delivered to the imaging region and, with appropri-
ate tagging and imaging methods, can be made
directly proportional to local tissue blood flow.

ASL techniques applied to myocardial perfusion
have several potential advantages over contrast-
based MPI methods. First, the ASL signal is
directly proportional to tissue blood flow, and
therefore quantitation of MBF should come more
naturally. This method has the potential to reduce
the problem of interobserver variability that affects
qualitative first-pass MR perfusion imaging. Next,
ASL does not require any contrast agents, resulting
in reduced cost and reduced adverse effects. For
example, ASL CMR could be safely applied in
patients with ESRD who are not candidates for
first-pass MPI. Finally, ASL can be performed con-
tinuously, which could open up new opportunities for
repeated or even real-time monitoring of patients
(e.g., before, during, and after interventions).

There has been preliminary work on myocardial
ASL in humans (5-9). These preliminary studies
have demonstrated the existence of an ASL signal
in the heart, and while some have demonstrated
signal increases with pharmacological stress, none
has reported sufficient image quality and mea-
surement consistency to provide useful diagnostic
information in individual patients. We recently
demonstrated a highly robust implementation of
myocardial ASL based on double-gated flow-
sensitive alternating inversion recovery (FAIR) tag-
ging and balanced steady-state free precession
(SSFP) imaging at 3-T (10). In healthy volunteers,
we determined that MBF measurements at rest
were consistent with ranges established by quanti-
tative PET and that MBF measurements increased
as expected with 2 forms of mild stress (passive leg
elevation and isometric handgrip).

In this study, we applied myocardial ASL to the
measurement of perfusion reserve in 29 patients
scheduled for CMR. Data were collected at rest and
during intravenous infusion of adenosine. We re-
port the first perfusion reserve measurements with
myocardial ASL that indicate that this method is
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Figure 1. Modified Stress CMR Protocol

Myocardial arterial spin labeling (ASL) scans were performed at
rest and during adenosine infusion, both before first-pass imag-
ing to avoid confounding effects of the contrast agent (lowering
the blood T1). The cardiac magnetic resonance (CMR) protocol
after completion of adenosine infusion was unchanged and
included viability and function imaging.

capable of detecting clinically relevant increases in

MBF with vasodilation.

METHODS

Study design. Twenty-nine patients (age 64 = 11
years; 19 women, 10 men) were recruited from
among those suspected of having CAD and sched-
uled for stress CMR examinations at the Loma
Linda University Heart and Imaging Center. This
study was approved by our institutional review
board, and each patient provided written informed
consent.

Rest and stress myocardial ASL scans were in-
corporated into the routine CMR protocol as
shown in Figure 1. All ASL scans were performed
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before first-pass perfusion imaging to prevent resid-
ual gadolinium from reducing the T1 of blood and
confounding the computation of MBF from ASL
images. Each ASL scan required 6 breath-holds
and could be comfortably performed in 3 min. In
most patients, 2 rest ASL scans were performed and
averaged because the scan time was not limited at rest.
The adenosine infusion was then started using the
standard dosage (0.14 mg/kg/min). After 2 min, the
stress ASL scan was performed. The average heart
rates during rest and stress ASL scans were recorded
independently. Immediately after the stress ASL scan,
CMR first-pass perfusion was performed between
min 5 and 6 of the adenosine infusion (total infusion
duration = 6 min). During the infusion, the medical
status of the patient was monitored by a nurse, and the
patient was asked frequently if he or she felt any
adverse symptoms of adenosine. The rest of the CMR
imaging protocol remained unchanged, and included
late gadolinium enhancement and cardiac function
cinema/video (CINE) imaging. Based on the CMR
results, patients who were suspected of having severe
ischemic heart disease also underwent x-ray coronary
angiography within 1 month.

Imaging methods. Myocardial ASL was performed at a
single mid—short-axis slice using FAIR tagging and
balanced SSFP imaging (10). Tagging was achieved
by applying nonselective and selective adiabatic
inversions. Imaging was performed with snap-shot
2-dimensional Fourier transform SSFP acquisition
with repetition time (TR) of 3.2 ms (total duration =
313 ms), flip-angle of 50°, matrix size of 96 X 96
over a 24- to 32-cm isotropic field of view, full
k-space acquisition, and slice thickness of 1 cm.
Parallel imaging was not used. Both tagging and
imaging were performed at mid-diastole using elec-
trocardiogram (ECG) gating. The trigger delay
was determined from a CINE scout scan. Each
ASL scan required 6 breath-holds, with 1 pair of
tagged and control images acquired in each
breath-hold. Each breath-hold lasted 10 s, and
the total scan time was 3 min (including breaks).
The myocardial ASL pulse sequence is fully
described by Zun et al. (10).

The routine CMR first-pass perfusion sequence
covered 4 short-axis slices using a saturation recov-
ery fast gradient echo pulse sequence. The imaging
parameters were: TR of 6.5 ms, flip-angle of 10°,
matrix size of 128 X 128, and slice thickness
of 1 cm. The intravascular contrast-agent (Gd-
BOPTA, [MultiHance, Bracco Diagnostics Inc.,
Milan, Italy]; dosage 0.05 mmol/kg) and saline flush
(20 ml) was injected at a rate of 5 ml/s. The total scan
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time was 54 s, and the subjects were instructed to hold
their breath as long as possible and then initiate
shallow breathing.

All CMR experiments were performed on a GE
Signa 3.0 T EXCITE HDx system (GE Health-
care, Waukesha, Wisconsin) with gradients sup-
porting 40 mT/m amplitude and 150 mT/m/ms
slew rate. The body coil and an 8-channel cardiac
array coil were used for radiofrequency transmission
and signal reception, respectively. Coronary angiog-
raphy was performed using the standard techniques,
and tomographic images were obtained from mul-
tiple planes.

Image analysis. Endocardial and epicardial borders
of the left ventricle were manually drawn for each
tagged and control image. For segment-based anal-
ysis, the myocardium was divided into 6 radial
segments (anterior, anteroseptal, inferoseptal, infe-
rior, inferolateral, and anterolateral) (11), and MBF
was calculated using a modified version of Buxton’s
general kinetic model (12) after signal averaging in
each segment. The SD of the physiological noise

affecting each scan was estimated using 6 associated

Table 1. Comparison Between Normal Myocardial Segments From Normal Patients
and the Most Ischemic Myocardial Segments From Patients With Perfusion Defect
Normal Ischemic
Segments Segments
Subjects
n 16 13
Age, yrs 64+ 12 64+ 11
Sex
Male 3 7
Female 13 6
Risk factors
Hypertension 15 12
Hypercholesterolemia 10 1
Age older than 65 yrs 8 7
Diabetes mellitus 5 7
Male 3 7
Indications
Chest pain 9 11
Pre-operative workup 6 3
Shortness of breath 3 4
Abnormal echocardiogram 2 2
Abnormal ECG 2 0
Significant coronary lesions None 7 RCA, 4 LAD, 2 LCX
Segments
No. of segments included 59 1
Perfusion reserve (MBF s/ MBF o) 3.18 = 1.54* 1.44 + 0.97*
Values are n or mean =+ SD. *The difference in perfusion reserve between normal and ischemic segments
was statistically significant (p = 0.0011) on the basis of a mixed-effects model.
ECG = electrocardiogram; LAD = left anterior descending; LCX = left circumflex (artery); MBF =
myocardial blood flow; RCA = right coronary artery.
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measurements (1 per breath-hold). Perfusion re-
serve was computed as MBF, .. /MBF, .. To gen-
erate perfusion reserve maps, each MBF map was
reconstructed with 50 radial segments and then
smoothed by convolving with a 13-point Hamming
window.

CMR first-pass images and x-ray angiograms

were read by 2 experienced cardiologists. For
first-pass images, all 6 myocardial segments from
4 slices were examined for perfusion defects.
Patients were classified as “normal” if having no
visible perfusion defect on first-pass CMR, and
the other patients were classified as having per-
fusion defect. In x-ray angiography, coronary
artery narrowing was visually estimated using
electronic calipers, and significant stenosis was
defined as >70% diameter narrowing. In each
patient with perfusion defect, the most ischemic
segments were determined by the most signifi-
cant lesion on the angiograms.
Statistical analysis. From the cardiac ASL data, we
computed global MBF on the basis of all pixels in
the slice containing left ventricular myocardium,
and calculated segmental MBF and MBF reserve
for each myocardial segment within the slice. In the
normal subjects, we compared the measured global
MBF at rest and during stress using a Student
paired 7 test. We also compared the measured
segmental MBF reserve in normal segments and the
most ischemic segments using a mixed-effects
model, taking into account the correlation among
segmental measurements from the same subjects.

RESULTS

Patient classification. Among the 29 patients, the
mean number of risk factors was 3.4, with 97%
hypertension, 72% hypercholesterolemia, 52%
age older than 65 years, 41% diabetes mellitus,
and 34% male. Indications that led to CMR
examination included 69% chest pain, 31% pre-
operative workup, 24% shortness of breath, 14%
abnormal echocardiogram, and 7% abnormal
ECG. Sixteen of the 29 patients were found to be
“normal,” and the other 13 patients had perfusion
defect (Table 1).

Global MBF in normal patients. Figure 2 contains
global MBF measurements based on ASL at rest
and stress from the 16 normal subjects. Each bar
represents the average MBF across the whole myo-
cardium in the slice. The error bars correspond
to £1 SD of the physiological noise, o measured for
each scan. The MBF across subjects was 0.97 *
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Figure 2. Global MBF Estimates at Rest and During Stress
Global myocardial blood flow (MBF) was measured at rest (green) and during adenosine infusion (pink) in 16 patients with no significant
perfusion defect on first-pass imaging. The MBF was 0.97 = 0.64 ml/g/min at rest and 3.67 * 1.36 ml/g/min with adenosine, yielding an
average perfusion reserve (MBF../MBF ) of 3.94. This increase in MBF was found to be statistically significant based on the Student
paired t test (p < 0.0001). Error bars represent =1 SD of the measured physiological noise. The average physiological noise during aden-
osine infusion was 2.1 times larger than the average physiological noise at rest. HR = heart rate.

0.64 ml/g/min at rest and 3.67 £ 1.36 ml/g/min
during adenosine infusion, yielding an average per-
fusion reserve (MBF,,../MBF, ) of 3.94. Subjects
with MBF, /0. <1.0 were excluded from perfu-
sion reserve analysis because excessive noise in the
denominator of the perfusion reserve equation can
produce substantive errors in the estimated perfu-
sion reserve. This resulted in exclusion of Patients
#6, #10, and #14 in Figure 2 from the reserve
estimation.

On the basis of a Student paired ¢ test, the MBF
increase with adenosine was found to be statisti-
cally significant (p < 0.0001). The average SD of
physiological noise across subjects for the rest
ASL scans was 0.34 ml/g/min. The average SD
of physiological noise for the stress ASL scans
was 0.70 ml/g/min, which is roughly 2.1 times
larger than that of the physiological noise at rest.
The average heart rate increased by 23% from 64
beats/min at rest to 79 beats/min during adeno-
sine infusion.

Segmental reserve and detection of disease. Table 1
summarizes the comparison between normal myo-
cardial segments from the 16 normal patients and
the most ischemic myocardial segments from the 13
patients with abnormal first-pass perfusion. All 6
mid-short-axis segments (11) were included for the
normal patients. Ischemic segments included the

rest

most ischemic segments in each patient with ab-
normal perfusion. Two patients among 13 with
perfusion defect showed no significant stenosis
identified by using x-ray angiography. Segments
with MBF /0, <2.0 were excluded for the same
reasons mentioned here. The average perfusion
reserve was 3.18 * 1.54 in normal segments and
1.44 = 0.97 in ischemic segments. This difference
in perfusion reserve was found to be statistically
significant (p = 0.0011) based on a mixed-effects
model.

Figure 3 shows segment-based MBF at rest and
during adenosine infusion for 11 normal segments
randomly selected out of 59 and for all 11 ischemic
segments. The ischemic segments are named and
annotated with the name of the coronary branch(es)
that exhibited the most significant stenosis on
angiography.

Perfusion reserve maps. Figure 4 contains perfusion
reserve maps and coronary angiograms from 2
representative patients with single-vessel disease.
Lowered perfusion reserve in the anterior wall from
the first patient is consistent with total occlusion of
the left anterior descending coronary artery, and
lowered perfusion reserve in the inferoseptum from
the second patient is consistent with total occlusion
of the right coronary artery (RCA). The inferior
wall in the first patient and the lateral wall in the
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Figure 3. Segmental MBF Estimates at Rest and During Stress

other abbreviations as in Figure 2.

Segmental MBF was measured at rest (green) and during adenosine infusion (pink) in A 11 normal segments randomly selected out of
59 and in B all 11 ischemic segments from Table 1 (segments in arbitrary order). Ischemic segments are annotated with the segment
name and the most diseased coronary branch on angiography in that patient. The difference in perfusion reserve between normal and
ischemic segments was statistically significant. LAD = left anterior descending; LCX = left circumflex artery; RCA = right coronary artery;

second patient also showed somewhat lowered re-
serve, and it is not clear from the angiogram
whether these reflect real perfusion deficit or merely
measurement error due to high noise.

DISCUSSION

In this study, we applied myocardial ASL sequences
to 29 patients scheduled for rest and stress CMR.
In patients who had no visible myocardial perfusion
defect on first-pass imaging, we found a statistically
significant increase in global MBF measurements

with adenosine infusion (3.67 = 1.36 ml/g/min)
compared with at rest (0.97 % 0.64 ml/g/min). This
finding demonstrates that myocardial ASL is able
to detect a clinically relevant increase in MBF with
vasodilation. We also found a statistically signifi-
cant difference in measured perfusion reserve be-
tween normal myocardial segments and the most
ischemic myocardial segments identified by x-ray
angiography in patients with abnormal first-pass
perfusion, suggesting the potential for rest and
stress myocardial ASL to detect angiographically
significant CAD.
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ation as in Figure 1.

Figure 4. ASL Perfusion Reserve Maps and X-Ray Angiograms From 2 Patients

(A, B) Patient with total left anterior descending occlusion; (C, D) patient with total right coronary artery occlusion. Myocardial
regions with lowered perfusion reserve were consistent with the territories of occluded vessels (arrows). The pink and green
arrows correspond to ischemic segments 1 and 2 in Figure 3B, respectively. LV = left ventricle; RV = right ventricle; other abbrevi-

Perfusion reserve begins to decrease earlier than
resting MBF with onset of stenosis and is a useful
index for the detection of CAD (13). Using aden-
osine, perfusion reserve in normal myocardium has
been documented to be 4.00 = 1.10 (14), 4.23 =
1.29 (15), 2.54 * 0.92 (16), and 2.24 = 0.55 (17)
with PET, and 3.69 * 2.79 (18) with SPECT. Our
measurements of perfusion reserve in normal pa-
tients (3.94 * 3.41) is comparable to these pub-
lished literature values while showing larger vari-
ance due to high physiological noise.

Spatial heterogeneity of MBF has been observed
in humans and animals (19-23) and may be attrib-
uted to different metabolic needs, oxygen demand,
and neural regulatory modification in different re-
glons (19,21,22). It is typically represented by a
unitless metric called relative dispersion (SD/
mean). MBF relative dispersion has been reported
to be 0.13 with 4 segments of myocardium (ante-
rior, lateral, septal, and inferior walls) using PET in
normal humans (23) and 0.26 with 8 segments of
myocardium using microspheres in normal baboons
(20). In this study, the relative dispersion of mea-
sured MBF from normal patients at rest was 0.68
(range 0.11 to 1.52) with 6 myocardial segments.
This value is larger than that reported with other

modalities, likely due to the higher level of physi-
ological noise in myocardial ASL (10).

An important follow-up study would be to com-
pare ASL measurements against an independent
gold standard measure of MBF in humans, such as
quantitative PET. In this work, we invoked the
widely used general kinetic model (12) to convert
ASL signal amplitudes to MBF estimates. Al-
though it is known that ASL signal amplitude is
proportional to tissue blood flow, there are several
other factors that may influence the quantitative ac-
curacy of the approach, including transit delays, water
exchange rates, and the difference in T71 relaxation
time between blood and myocardium.

Current implementations of myocardial ASL
(9,10), including the one used in this work, suffer
from greater noise and lower spatial resolution
compared with state-of-the-art first-pass imaging.
These are not fundamental limitations of the ASL
approach and are likely to improve with technical
developments such as the incorporation of highly
selective tagging and background suppression,
which have been used successfully in brain ASL
(24,25) and are currently under investigation for
myocardial ASL (26,27). Even in its present form,
myocardial ASL could be of value in evaluating
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patients with ESRD who are not candidates for
first-pass imaging due to the risk of nephrogenic
fibrosing dermopathy. There are roughly 340,000
patients with ESRD in the United States (28) who
require heart disease assessment every 6 to 12 months
while awaiting kidney transplant, and most patients
are on the wait-list for 4 to 7 years. These patients
stand to benefit significantly from a new MPI ap-
proach that does not require contrast agents.

Study limitations. We have previously found that
physiological noise (which includes all variations
over time) is the critical factor that determines the
sensitivity of ASL to MBF (10). Patient #10
(Fig. 2) represents one of the worst cases; this
patient experienced physiological noise 2X higher
than the subject average, which resulted in a nega-
tive resting MBF measurement. Sources of physio-
logical noise may include metabolic fluctuation,
respiratory and cardiac motion, and subject discom-
fort. The fact that physiological noise was 2.1X
larger during adenosine infusion suggests that sub-
ject motion or discomfort may be a significant
source. Myocardial ASL also requires signal aver-
aging spatially and over multiple repetitions to
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generate meaningful data. This results in lower
resolution but is expected to improve with technical
development, including the reduction of physiolog-
ical noise. Finally, the current implementation im-
ages a single mid—short-axis slice, which is insuffi-
cient for routine clinical use. This approach,
however, can be repeated to cover multiple slices or
extended to acquire multiple slices simultaneously
with the same signal-to-noise ratio and no addi-
tional scan time, by using parallel imaging.

CONCLUSIONS

This study demonstrated that myocardial ASL
CMR 1s capable of detecting clinically relevant
. P . & < y

increases in IMBF with vasodilation and has the
potential to identify myocardial ischemia. This may
provide an alternative perfusion method to assess
patients who are not candidates for first-pass imag-

ing, such as those with ESRD.
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