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Purpose:

Materials and
Methods:

Results:

Conclusion:

To present an unenhanced four-dimensional time-resolved
dynamic magnetic resonance (MR) angiography technique
with true fast imaging with steady-state precession-based
spin tagging with alternating radiofrequency (STAR), also
called TrueSTAR.

This study received Institutional Review Board approval
and was HIPAA compliant. Informed consent was ob-
tained from all study subjects. In eight healthy volunteers,
the spatial and temporal resolution of the TrueSTAR tech-
nique were optimized. In another six healthy volunteers,
the contrast-to-noise ratio (CNR) and signal-to-noise ratio
(SNR) of the TrueSTAR dynamic MR angiography images
were compared with those acquired by using a standard
Look-Locker echo-planar technique by using the Wilcoxon
signed rank test. Finally, one patient with an arteriovenous
malformation (AVM) was studied by using this technique.

The SNR and CNR of the TrueSTAR dynamic MR angiog-
raphy images were 29% and 39% higher, respectively,
compared with those acquired by using a standard Look-
Locker echo-planar imaging sequence (both P = .028).
In the AVM patient, TrueSTAR dynamic MR angiography
delineated the dynamic course of labeled blood flow-
ing through feeding arteries into the nidus and draining
veins.

The results suggest that TrueSTAR is a promising unen-
hanced dynamic MR angiography technique for clinical
evaluation of cerebrovascular disorders such as AVM,
steno-occlusive disease, and aneurysm.

©RSNA, 2010

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol. 10091543/-/DC1
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he evaluation of the dynamic flow

patterns within the cerebral vas-

culature might be useful for a
number of clinical indications, such as
assessment of the collateral circulation
in patients with cerebrovascular steno-
occlusive disease, estimation of the
degree of shunted blood flow in an ar-
teriovenous malformation (AVM), and
delineation of aberrant flow through a
cerebral aneurysm (1-4). Intraarterial
digital subtraction angiography is cur-
rently the reference standard for these
indications, as it can provide images of
the cerebral blood circulation with both
high temporal and spatial resolution.
The procedure, however, is invasive and
requires the use of ionizing radiation,
with its risks, and iodinated contrast
agent, with its own risks of contrast
agent reactions and contrast agent-
induced nephropathy (5).

Recently, contrast agent—-enhanced
dynamic magnetic resonance (MR) an-
giography has received considerable
attention and has been applied in the
evaluation of the cerebral vasculature
because of its ability to provide tem-
poral information in addition to the
otherwise static high spatial resolution
of three-dimensional (3D) contrast-
enhanced MR angiography (6-9). However,
the temporal resolution in contrast-
enhanced dynamic MR angiography is
generally on the order of seconds, and
the method requires intravenous injec-
tion of a contrast agent. As an alterna-
tive method without the use of contrast
agents, dynamic MR angiography can

Advances in Knowledge

B Time-resolved four-dimensional
dynamic MR angiography can be
achieved without contrast agents
by combining spin-labeling meth-
ods with multiphase true fast
imaging with steady-state preces-
sion (FISP) readout.

B This technique offers improved
dynamic MR angiography image
quality (29% increased signal-to-
noise ratio, 39% increased
contrast-to-noise ratio; both P =
.028) compared with standard
Look-Locker-based methods.

be performed with pulsed arterial spin
labeling in conjunction with a segmented
turbo fast low-angle shot or a continu-
ous Look-Locker sequence (10-13).
The appealing feature of spin-labeling—
based dynamic MR angiography is its
high temporal resolution (on the order
of tens of milliseconds); however, the
spatial resolution and signal-to-noise
ratio (SNR) of these techniques are not
satisfactory because of the need for low
flip angles and/or saturation effects that
may occur with turbo fast low-angle
shot and Look-Locker sequences.

True fast imaging with steady-state
precession (FISP) imaging is a balanced
steady-state free precession technique
that offers high SNR and imaging effi-
ciency and is ideal for blood vessel imaging
because of the high signal intensity from
blood, which has an intrinsically high
T2/T1 ratio (14,15). The technique is also
inherently flow compensated, thereby
minimizing sensitivity to flow artifacts
(16). In addition, true FISP has relatively
low sensitivity to susceptibility artifacts
(17). The goal of our study was to pres-
ent an unenhanced four-dimensional
time-resolved dynamic MR angiography
technique (true FISP) that is based on
spin tagging with alternating radiofre-
quency (STAR), also called TrueSTAR
(18). The method lends itself well to
clinical situations, as we demonstrated
with a typical case of cerebral AVM.

Materials and Methods

Study Population

This prospective study was approved
by the Institutional Review Boards of

Implications for Patient Care

B Spin-labeling methods and multi-
phase true FISP readout can be
combined for unenhanced
dynamic MR angiography for visu-
alizing the dynamic flow pattern
in arteriovenous malformation.

B This technique may be useful in the
clinical evaluation of cerebrovascu-
lar steno-occlusive disease, as well
as in the delineation of aberrant
flow through an aneurysm.

the University of Pennsylvania and the
Institute of Biophysics at the Chinese
Academy of Sciences and was Health
Insurance Portability and Accountability
Act compliant. Written informed consent
was obtained from all subjects prior to
the MR examination. Fourteen healthy
volunteers (mean age, 23 years * 2
[standard deviation|; seven men and
seven women) without neurologic illness
and one patient who had been diagnosed
with a cerebral AVM (29-year-old man)
participated in our study. All imaging
was performed on 3-T MR imagers (Tim
Trio; Siemens, Erlangen, Germany) with
a body coil as the transmitter and a
12-channel head array coil as the receiver.

MR Imaging of Healthy Volunteers

The TrueSTAR technique combines
time-resolved arterial spin labeling with
a segmented multiphase true FISP read-
out. In our study, the flow-sensitive al-
ternating inversion recovery technique
(19) was implemented for spin label-
ing. As shown in Figure 1, the pulse
sequence diagram, immediately fol-
lowing a section-selective or nonselec-
tive hyperbolic secant inversion pulse,
a train of 20 dummy radiofrequency

Published online
10.1148/radiol. 10091543

Radiology 2010; 256:270-279
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AVM = arteriovenous malformation

CNR = contrast-to-noise ratio

FISP = fast imaging with steady-state precession
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3D = three-dimensional
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Figure 1:

Pulse sequence diagram of TrueSTAR with flow-sensitive alternating inversion recovery for spin label-

ing. Layout of gradient and readout is shown in inset. & = flip angle, RF = radiofrequency, 7/= inversion time.

pulses with Kaiser Bessel window ramp
flip angles (ie, a/21, —2a/21, 3a/21, ...,
—20a/21) was applied to minimize tran-
sient signal oscillations (20). The signal
was then continuously acquired by a
segmented multiphase true FISP read-
out with the *a radiofrequency pulse
scheme with phase encoding advancing
in a centric order. At the end of the true
FISP readout, the magnetization was
restored to the positive z-axis by using
an a/2 pulse. The series of TrueSTAR
images were formed in a manner simi-
lar to cine MR imaging methods (ie, an
image for an individual time frame was
generated from multiple segmented ac-
quisitions synchronized to the labeling
pulse). In our study, 11-21 k-space lines
were acquired per segment, resulting in
a temporal resolution of 50-100 msec
for each time frame image.

We conducted three consecutive
experiments in healthy volunteers to
optimize the TrueSTAR technique. De-
tailed imaging parameters are listed in
Table 1. In all three experiments, im-
ages were acquired to cover the circle
of Willis and associated main branches.
The main purpose of experiment 1 was
to determine the optimal gap between
the labeling and imaging slab by mea-
suring the arrival time of the labeling
bolus as a function of the thickness of
the selective inversion band. The thick-
ness of the selective inversion pulse was
set to five, 10, and 15 times the imaging
section thickness (5 mm).

In experiment 2, we attempted to
further improve the SNR (owing to vol-
ume excitation) and imaging resolution
along the z-axis by using 3D TrueSTAR
acquisitions. In part 2a, generalized

autocalibrating partially parallel acqui-
sition with an acceleration factor of two
was applied to reduce the total imag-
ing time to approximately 7 minutes
while preserving a temporal resolution
of 83 msec with 30 phases. To investi-
gate the effects of cardiac pulsation on
dynamic MR angiography images (21),
we also performed pulse-gated (electro-
cardiographically gated) 3D cine TrueSTAR
imaging in experiment 2b. Depending
on the cardiac cycle, 10-15 phases
of dynamic MR angiography images
with a temporal resolution of 52 msec
were acquired within approximately 6
minutes.

In experiment 3, the TrueSTAR tech-
nique was compared with a standard
dynamic MR angiography method based
on a Look-Locker echo-planar imaging
sequence with closely matched parame-
ters. Three flip angles (o = 20°, 40°, and
60°) were tested to investigate potential
saturation effects in both techniques.

Patient Studies

One patient (29-year-old man) who had
been diagnosed with an AVM was imaged
with the 3D TrueSTAR protocol without
the pulse trigger. The imaging parame-
ters were identical to the protocol used in
experiment 2a (see Table 1), except that
the section thickness was set to 3 mm to
cover the whole AVM lesion (slab thick-
ness = 3 X 20 = 60 mm). Conventional
MR sequences included axial T1-weighted
3D magnetization prepared rapid acqui-
sition gradient-echo (1760/3.1; inversion
time, 950 msec; spatial resolution, 1 X
1 X 1 mm), T2-weighted fast spin-echo
(4000/87; spatial resolution, 0.43 X
0.43 X 4.8 mm), and time-of-flight MR
angiography (33/3.86; spatial resolution,
0.57 X 0.57 X 0.65 mm).

Data Analysis

Dynamic MR angiograms were obtained
by complex subtraction of selective and
nonselective inversion-recovery true FISP
images, and maximum intensity projec-
tion (MIP) images were then generated
for each phase along three directions.
The MIP images were displayed as a
movie to visualize the flow of the labeled
blood through the circle of Willis and its
branches. Collapsed MIP images across
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Table 1

Imaging Parameters in Three Experiments to Optimize TrueSTAR in 14 Healthy

Volunteers
Experiment 2 (n = 4)
Parameter Experiment 1 (n=4) Part 2a Part 2b Experiment 3 (n = 6)
Pulse sequence 2D TrueSTAR 3D TrueSTAR  Cardiac-gated 2D TrueSTAR and Look-
3D TrueSTAR Locker Echo-planar Imaging
Field of view (cm) 22 X 22 22 X 22 22 X 16.5 22 X 22
Matrix 256 X 256 256 X 256 224 X 162 256 X 256
Section 5 2 1 6
thickness (mm)
No. of sections 8 20 64 7
Selective 25,50, 75 60 96 60
inversion band
thickness (mm)
Repetition 4/2 4/2 3/1.5 4/2
time/echo
time (msec)
Flip angle (degrees) 40 30 30 20, 40, 60
No. of phases 60 30 10-15 38
Temporal resolution 50 83 52 65
(msec)
Imaging time (min) 16 * 6* 11

Note.—2D = two-dimensional.

* Generalized autocalibrating partially parallel acquisition with an acceleration factor of two.

all phases were also generated along
axial, coronal, and sagittal views.
Arterial regions of interest primarily
containing the middle cerebral artery
and its main branches were first defined
in user-specified regions on the col-
lapsed MIP images (data collection and
analysis performed by L.Y., SW., Y.Y.,
Q.7Z., and D.J.J.W., with a mean of
2 years experience) followed by automatic
thresholding to eliminate the back-
ground signal. Dynamic time courses of
the blood signal intensity as a function
of inversion time were derived from
the arterial regions of interest (mean
size, 580 pixels = 130). The SNR and
contrast-to-noise ratio (CNR) efficien-
cies, determined as SNR and CNR, re-
spectively, divided by the square root of
acquisition time, were used to compare
the performances of TrueSTAR and
Look-Locker echo-planar imaging. The
SNR was calculated as follows: SNR =
SIM,I/SDbg, where SI is the mean sig-
nal intensity measured in the arterial
region of interest and SDhg is the stan-
dard deviation of the signal intensity in
a region of interest in the background

(mean size, 106 pixels = 26). The CNR
between the artery and adjacent soft
tissue was calculated as follows: CNR =
(SL,, — SI,)/SD, , where SI_is the mean
signal intensity measured in a region of
interest in the adjacent soft tissue.

Statistical Analysis

Statistical analyses were performed by
using software (SPSS, version 12.0;
SPSS, Chicago, 1ll). The values of SNR
and CNR efficiency between TrueSTAR
and Look-Locker echo-planar imaging
at each flip angle tested (a = 20°, 40°,
and 60°) were compared by using the
nonparametric Wilcoxon signed rank
test. A two-tailed P value of .05 or less
was considered to indicate a significant
difference (without correction for mul-
tiple comparisons).

Experiment 1: Optimization of Labeling
Parameters

Figure 2a shows the mean dynamic MR
angiography time course of the arterial

regions of interest in four healthy subjects
acquired with three different selective
inversion bands (ie, 25, 50, and 75 mm)
for a two-dimensional 5-mm-thick sec-
tion. As expected, the bolus arrival
was delayed with the thicker inversion
band. The mean peak delays were 609
msec = 178, 695 msec *+ 202, and 767
msec *= 230 for the 25-, 50-, and 75-mm
bands, respectively. The dynamic MR
angiography signal intensities
turned to baseline when the inver-
sion time was greater than 2 seconds.
A 10-20-mm gap between the labeling
region and imaging sections was cho-
sen for subsequent two-dimensional
and 3D TrueSTAR imaging as the
optimal tradeoff between providing ad-
equate SNR and capturing the inflow-
ing phases of dynamic MR angiography.
The mean TrueSTAR dynamic MR an-
giography time course averaged for six
subjects with three flip angles is shown
in Figure 2b. The magnitudes of mean
dynamic MR angiography time courses
are roughly proportional to the sine of
the flip angle (Fig 2¢), suggesting little
saturation effects of the TrueSTAR sig-
nal at large flip angles. (Note: data in
Figure 2b and 2c were acquired in
experiment 3.)

re-

Experiment 2: Dynamic Visualization of
Blood Flow

Figure 3 shows the axial, coronal, and
sagittal views of the dynamic MR an-
giography MIP images acquired at dif-
ferent phases from a representative
subject with 3D acquisitions with par-
allel imaging (experiment 2a). The full
details of the dynamic courses of the la-
beled blood as it fills the circle of Willis
and the main and small distal branches
of the anterior, middle, and posterior
cerebral arteries can be viewed in mov-
ies 1-3 (online).

Figure 4 shows the axial, coronal,
and sagittal views of the dynamic MR
angiography MIP images acquired by
using pulse-gated 3D cine acquisitions
(experiment 2b). Owing to the high res-
olution and large coverage in the section
direction, the dynamic filling of the main
branches of the anterior cerebral artery
(segments Al and A2), middle cerebral
artery (segments M1, M2, and M3),
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and posterior cerebral artery (segments
P1, P2, and P3) can be appreciated in
coronal and sagittal views with greater
detail compared with Figure 3 in each of
the four subjects (movies 4-6 [online]).
The drawback of the pulse-gated ap-
proach, however, was the relatively
short cardiac cycle (~1 second) that
only allowed a few phases to capture
the inflowing and rising phases of the
labeled blood.

Experiment 3: Comparison of Techniques

Figure 5 displays the results comparing
the dynamic MR angiography data ac-
quired by using two-dimensional True-
STAR and Look-Locker echo-planar
imaging. The values of SNR efficiency
were, on average, 29% higher for True-
STAR images than for Look-Locker
echo-planar images for each of the

three flip angles tested (P = .028) (Fig 5a
and Table 2). The CNR efficiency val-
ues were 39% higher for TrueSTAR im-
ages than for Look-Locker echo-planar
images (P = .028) (Table 2). Addition-
ally, Figure Sb of the dynamic MR an-
giography collapsed MIP images shows
ghost artifacts of the M1 segments of
the middle cerebral artery along the
phase encoding direction (anterior-
posterior) on Look-Locker echo-planar
images. These artifacts may be attrib-
uted to the pulsation effects of major
arteries on segmented echo-planar im-
aging acquisitions. In contrast, the True-
STAR images are not only artifact free
but also provide detailed delineation of
small arteries with great spatial resolu-
tion. Owing to the reduced sensitivity
to field inhomogeneity effects, the True-
STAR images also provide improved

visualization of the anterior cerebral
artery. The mean SNR efficiency of 3D
TrueSTAR imaging (experiment 2) was
32.82 = 2.65 with a flip angle of 30°,
approximately four times that of two-
dimensional TrueSTAR imaging with a
similar flip angle, suggesting improved
dynamic MR angiography image qual-
ity using 3D acquisitions with parallel
imaging.

Dynamic MR Angiography in One Patient
with an AUM

Figure 6 shows images of a 29-year-old
man with an AVM located in the left oc-
cipitoparietal lobe. Dynamic MR angiog-
raphy demonstrated the nidus and the
feeding arteries, including the left poste-
rior cerebral artery, left middle cerebral
artery, and subsequent draining into the
superficial venous system around the
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Figure 3:

1088 ms

(@) Axial, (b) coronal, and (c) sagittal dynamic MR angiography MIP images acquired with 3D TrueSTAR from a representative sub-

ject. Note the anatomic details of dynamic courses for blood originating from internal carotid and basilar arteries as it fills the anterior cerebral
artery (ACA), middle cerebral artery (MCA), and posterior cerebral artery (PCA) sequentially. Small branches of the middle cerebral artery and

anterior and posterior cerebral arteries can also be seen in later phases of dynamic MR angiography. Note signal intensity in sagittal sinus ow-
ing to labeled venous blood superior to imaging sections. ms = milliseconds.

inversion time of 1500 msec. Although
the draining vein overlaps with the nidus
on the axial view, it can be clearly
seen on coronal and sagittal views (Fig 6b
and 6¢), illustrating the importance
for 3D acquisitions. The locations of
the nidus and draining veins revealed
by dynamic MR angiography matched
well with those seen on time-of-flight
MR angiography (Fig 6d). Nevertheless,
TrueSTAR dynamic MR angiography
provided temporal information (with a

resolution of 50-100 msec) on the pas-
sage of labeled blood through the nidus
and draining veins, allowing clear tem-
poral separation of the feeding arter-
ies from the draining veins (movies 7-9
[online]).

Compared with existing spin-labeling-
based dynamic MR angiography meth-

ods (10-13), the TrueSTAR technique

offers improved SNR and CNR by
capitalizing on the advantages of true
FISP for flow imaging (eg, inherent
flow compensation, high T2/T1 ratio
of blood leading to improved SNR of
labeled blood signal) (14,13). Image
distortions owing to pulsation of ar-
teries and flow-related signal voids in
conventional Look-Locker echo-planar
imaging-based dynamic MR angiogra-
phy approaches are minimized by us-
ing TrueSTAR, especially with cardiac

Radiology: \/olume 256: Number 1—July 2010 = radiology.rsna.org
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Figure 4:
the same subject shown in Figure 3. Note improved sharpness. ACA = anterior cerebral artery, MCA = middle cerebral artery, ms = millisec-
onds, PCA = posterior cerebral artery.

gating. The through-plane resolution
(1-3 mm) of TrueSTAR is also higher
than that in the majority of existing
unenhanced dynamic MR angiography
methods owing to the use of 3D acqui-
sitions and parallel imaging. Another

potential advantage of TrueSTAR is
that true FISP has relatively low sen-
sitivity to magnetic field inhomogeneity
effects compared with other fast im-
aging sequences, such as echo-planar
imaging (17).

(@) Axial, (b) coronal, and (c) sagittal dynamic MR angiography MIP images acquired with 3D TrueSTAR by using a pulse-trigger in

The total imaging time for True-
STAR is determined by the temporal
resolution (phases) and segments, as
well as imaging coverage (sections).
With the use of parallel imaging and
partial Fourier acquisitions, we were
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Figure 5
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Figure 5:

60 TrueSTAR
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(a) Bar graph shows comparison of SNR efficiencies (SNR divided by square root of acquisition time) of dynamic MR angiography

images between two-dimensional TrueSTAR and Look-Locker echo-planar imaging (LL-EP)) across three different flip angles. (b) Collapsed MIP
images from a representative subject show ghost artifact in M1 segment of middle cerebral artery (arrow) on Look-Locker echo-planar image
and improved visualization of anterior cerebral artery (arrowhead) on TrueSTAR image. SNR efficiency of 3D TrueSTAR is 32.82 + 2.65.

Table 2

SNR and CNR Efficiencies at TrueSTAR or Look-Locker Echo-planar MR Imaging for

Three Flip Angles
TrueSTAR MR Imaging Look-Locker Echo-planar MR Imaging
Subject  20°* 40°* 60°* 20°* 40°* 60°*
SNR Efficiency
1 4.84 8.16 12.22 417 6.98 9.19
2 6.15 10.37 15.36 5.49 8.89 11.77
3 4.60 9.53 12.58 2.94 6.80 6.91
4 4.22 9.04 10.46 3.44 6.81 8.19
5 8.71 12.10 13.89 5.78 9.04 12.94
6 10.78 13.74 16.73 6.21 11.96 15.09
Meant 6.55 +2.64 1049 =208 1354227 467 =134 841+202 10.68 =+ 3.11
CNR Efficiency
1 297 6.44 10.06 2.45 5.27 7.22
2 4.21 8.27 12.76 3.32 6.61 9.58
3 2.80 7.16 10.26 1.56 4.84 5.02
4 2.68 7.29 8.79 1.90 5.09 6.05
5 6.48 10.03 11.65 3.51 7.29 9.54
6 8.49 11.40 14.35 428 9.62 11.77
Meant 4.60 + 2.38 843+190 1131 £202 283*+1.04 645*+182 820+ 253

Note.—SNR efficiency = SNR/~/Z. CNR efficiency = CNR/~/Z. t = imaging time.

* Flip angle.
1 Data are means + standard deviations.

able to develop a 3D imaging protocol
with an imaging time of 6-7 minutes for
clinical use. Cardiac-gated cine True-
STAR acquisition allowed an isotropic
1-mm? spatial resolution and minimized
cardiac pulsation effects on dynamic
MR angiography images at the cost of

fewer phases. The dynamic time courses
of dynamic MR angiography signals
offer the potential to estimate several
flow-related parameters (eg, peak la-
tency) and quantitative flow through a
vessel of interest. Such capability may
be clinically important to characterize the

collateral flow pattern in steno-occlusive
diseases, as well as to quantify shunted
flow through an AVM.

The limitation of the TrueSTAR
dynamic MR angiography technique is
that the spatial resolution in the sec-
tion direction (2-3 mm) is lower and
the coverage is smaller (slab thickness,
40-60 mm) than those offered with
standard contrast-enhanced dynamic
MR angiography techniques. In the fu-
ture, fast imaging approaches that have
been successfully applied for contrast-
enhanced dynamic MR angiography
(eg, view sharing, keyhole, and un-
dersampled radial acquisitions) can be
applied for the TrueSTAR technique in
conjunction with parallel imaging to fur-
ther improve the spatiotemporal resolu-
tion and imaging coverage (22,23). One
disadvantage of using flow-sensitive
alternating inversion recovery for spin
labeling is the potential contamination
of labeled venous signals, which should
be minimized by expanding the imag-
ing slab and/or by applying a saturation
band to saturate the venous signal. The
newly introduced pseudocontinuous
arterial spin labeling (24) offers more
efficient spin labeling without venous
contamination. In addition, TrueSTAR
can be combined with vessel-selective
labeling (25) for observing the dynamic
inflowing pattern of a particular artery
of interest. Finally, the clinical utility of
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flight MR angiography. Arrowheads = feeding arteries. Arrows = nidus. Curved arrows = draining veins.

TrueSTAR needs to be determined in
clinical evaluation studies.

In conclusion, a four-dimensional
unenhanced dynamic MR angiography
technique was introduced for visualizing
the dynamic filling of the feeding arter-
ies, nidus, and draining veins of AVM
lesions with a spatial resolution of a few
cubic millimeters and a temporal reso-
lution of 50-100 msec.
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