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ARTICLE INFO ABSTRACT

In this work we aimed to investigate the feasibility of using a new pulse sequence called Relaxation-Enhanced
Angiography without Contrast and Triggering (REACT) for free-breathing non-contrast-enhanced MR angio-
graphy (NCE-MRA) for multiple anatomies on 3T. Two magnetization-preparation pulses were incorporated with
a three-dimensional dual-echo Dixon sequence. A T2-prep pulse, followed by a non-selective inversion pulse with
a short inversion time, together suppressed tissue with short T1 and T2, while enhancing the signal of native
blood with long T1 and T2. A two-point non-balanced gradient-echo Dixon method, based on dual-echo ac-
quisition with semi-flexible echo times for water-fat separation, was used for improved fat suppression over a
large field of view. General image quality, vasculature visibility, and clinical indications of the proposed method
were investigated in healthy subjects and patients in both torso and extremities based on visual inspection.
Preliminary results from REACT obtained in free-breathing with no cardiac triggering showed uniform sup-
pression of background tissue over the field of view and robust blood-to-tissue contrast over multiple anatomies.
Future clinical studies are warranted for further investigation of its diagnostic performance and limitations.
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1. Introduction

Magnetic resonance angiography (MRA) has a wide range of clinical
applications for assessment of vascular morphology and pathology, and
has the advantage of being minimally invasive with no ionizing radia-
tion exposure. Contrast-enhanced (CE) MRA is an established approach
that uses gadolinium-based contrast agent to reduce the T1 of blood and
to generate hyperintense blood signal in the angiogram [1,2]. Although
it has shown excellent performance in diverse applications [3], a re-
maining technical challenge is the limited acquisition window to cap-
ture the first-pass of the contrast agent bolus, affecting the achievable
spatial resolution [4,5]. Beyond that, safety concerns regarding gado-
linium contrast media [6,7] have led to a renewed interest in non-

contrast-enhanced (NCE) MRA techniques that may be repeated mul-
tiple times within a single examination or over a short time period
without the restrictions of dose limits [8].

In NCE-MRA, contrast between blood and other tissues is generated
by exploiting either differences in relaxation time [9-11] or flow
characteristics [12-15]. The latter relies on the property that blood is
flowing — moving over time — distinguishing it from the surrounding
tissues. However, such techniques typically suffer from image quality
issues related to variable flow rates and directions [12,13], sensitivity
to timing between data acquisition and cardiac phases [14,15], or bulk
motion between two consecutive measurements for subtraction [15].

On the other hand, in non-contrast-enhanced flow-independent
MRA (NCE-FIA), intrinsic tissue parameters such as relaxation times
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Fig. 1. Principle of 3D REACT vascular imaging. The
pulse sequence diagram (a) illustrates key modules
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Table 1
Imaging parameters of the pulse sequences used in the present study.
REACT 3D TOF-MRA 2D TOF-MRA bSSFP-MRA TRANCE CE-MRA
Anatomies Subclavian, thorax, abdomen and Subclavian Pelvis and femur Subclavian, thorax, Femur Pelvis, extremities
pelvis, extremities abdomen
FoV [mm?] 280 x 280 280 x 280 400 x 280 280 x 280 280 x 280 430 x 300
Slice orientation Coronal Axial Axial Coronal Coronal Coronal
Number of slices 80 350 160 80 80 80
Voxel size (ACQ) [mm?] 1.2 x1.2x 24 1.2x1.2x20 15x23x%x35 1.2x1.2x24 1.2 x1.2x 24 1.2 x1.2%x 24
Voxel size (REC) [mm®] 1.0x 1.0 x 1.2 1.0x1.0x1.0 1.0x1.0x35 1.0 x 1.0 x 1.2 1.0x1.0x 1.2 1.1 x1.1x1.2
Magnetization preparation T2-prep, IR - - - IR -
T2prep time [ms] 50 - - - -
Inversion delay time 100 - - - 180 -

[ms]
Fat suppression mDixon - - SPIR STIR Subtraction
Signal readout 3D TFE 3D FFE 2D FFE 3D bTFE 3D TSE 3D T1 FFE
TR/TE [ms] 3.9/1.38/2.5 18/3.5 18/3.5 4.0/2.0 1 heartbeat/100 4.7/2.3
Flip angle [°] 12 18 50 60 90 25
Turbo factor 100 - - 77 21 -
# TFE shot 80 - - - - -
TFE shot interval [ms] 3000 - - 2000 - -
Motion compensation None None Cardiac triggering None Cardiac triggering None
Partial-Fourier factor 0.625 to 0.85 1.0 0.75 0.625 to 0.8 1.0 0.625
SENSE factor 1.2 to 2.5 3.0 4.0 1.2 4.0 2.0
NSA 1 1 1 1 1 1
Scan time [min] 2:30 to 4 8:11 5:22 3:37 5:32 0:53

REACT = relaxation-enhanced angiography without contrast and triggering, TOF = time of flight, TRANCE = ECG-triggered non-contrast-enhanced MR angio-
graphy, TFE = turbo-field echo, FFE = fast field echo, SENSE = sensitivity encoding, ACQ = acquired, REC = reconstructed, mDixon = modified dual-echo gen-
eralized Dixon; NSA = Number of signal average; CE-MRA = contrast-enhanced MRA.

and chemical shift are utilized to suppress background signals and
generate relatively stable vessel contrast [16,17]. To date the balanced
steady-state free precession (bSSFP) sequences have been of particular
interest due to their high signal amplitude and blood-to-tissue contrast.
However, the main drawback of the bSSFP-based technique is its sen-
sitivity to off-resonance effects and field inhomogeneities. Thus image
quality can be degraded by banding artifacts, signal loss, or insufficient
fat suppression, particularly for a large field-of-view (FOV) or at high
field strength [10,11,18-21].

In this work, we developed a new NCE-FIA technique with
Relaxation-Enhanced Angiography without Contrast and Triggering
(REACT) to address the aforementioned limitations. This method is
based on 3D magnetization-prepared dual-echo generalized Dixon with

a non-balanced gradient-echo readout. It allows for high blood-tissue-
contrast with robust and efficient background tissue suppression cov-
ering large and complex anatomies, without the need for physiological
triggering or subtraction. In this proof-of-concept study we demon-
strated the technical feasibility of REACT in comparison to conven-
tional flow-dependent techniques such as time-of-flight (TOF) and ECG-
triggered non-contrast-enhanced MR angiography (TRANCE) as well as
flow-independent ones such as 3D balanced steady-state free-precession
(bSSFP) with fat saturation in various anatomies at 3 Tesla.

138



M. Yoneyama, et al.

MIP Source Image

IR T2-prep
+ bSSFP
T1 2000 ms

IR T2-prep
+ mDixon TFE
TI1 2000 ms

T2-prep IR
+ mDixon TFE
TI1 2000 ms

T2-prep IR
+ mDixon TFE
T1100 ms
(REACT)

Fig. 2. Comparison of basic variants in NCE-flow-independent MRA using
magnetization-preparation. Signal readout with bSSFP (a) showed hetero-
geneous background tissue suppression due to present field inhomogeneities in
comparison to the non-balanced variants based on dual-echo generalized Dixon
(b-d). While a long inversion time (TI) following the inversion-recovery (IR)
pulse (a—c) demonstrated superior suppression of long-T1 tissue species such as
synovial fluids in the knee (arrows) comparing to the short-TI variant (d), its
variant with a directly inverted temporal order of the two magnetization-pre-
paration pulses (c) failed background tissue suppression due to signal con-
tamination from short-T2 tissue species such as skeletal muscles (arrow heads).
Lastly, a preceding T2-prep pulse in combination of a short TI (d) presented the
best quality in terms of uniformity and blood-tissue-contrast (dotted arrows),
which comprised the proposed REACT method in this work.

mDixon TFE = modified dual-echo generalized Dixon with segmented non-
balanced turbo field echo.

T2-prep = No 30 ms 50 ms 70 ms

M
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2. Materials and methods
2.1. 3D dual-echo Dixon with T2- and IR-preparation

The pulse sequence for the proposed REACT method consisted of a
3D dual-echo Dixon acquisition and magnetization preparation with a
T2-prep pulse and a non-selective inversion recovery (IR) pre-pulse.
The Dixon acquisition was based on an improved generalized 2-point
solution with semi-flexible echo times (TE) for water-fat separation that
was introduced previously [22]. It removed the need for specified TE to
meet the exact in- and opposed phase condition, which is dependent on
the field strength and limited by voxel size [22,23]. In addition, a priori
knowledge of magnet and anatomy were incorporated to improve BO
inhomogeneity correction and overall water-fat separation performance
[24]. This was further combined with a seven-peak fat model in re-
construction to achieve improved accuracy [25,26]. All these features
helped to eliminate the usual limitations of the conventional Dixon
acquisition in echo times, spatial resolution, anatomical coverage, and
scan time, while maintaining robust water-fat separation [22,23,27].

Magnetization preparation pulses were implemented to suppress
signal from static tissues, such as muscles, nerves and organs, and to
enhance blood-to-tissue contrast based on their difference in relaxation
times. A T2-prep pulse consisting of four adiabatic refocusing pulses
was applied to reduce signal from tissues with short T2 [28]. Im-
mediately after that a non-selective, adiabatic inversion recovery pulse
was applied with a short inversion time (TI) to suppress tissues with
short-to-intermediate T1 and T2 such as muscle [29]. Data acquisition
was done by the aforementioned Dixon readout that allowed for ef-
fective fat suppression in the water images. This combined effect of
background tissue suppression including fat resulted in an enhanced
visualization of the vasculature. A simplified pulse sequence diagram of
the proposed REACT method is presented in Fig. 1.

2.2. Technical implementation and feasibility

3D data were acquired by a dual-echo non-balanced gradient-echo
Dixon sequence with a bipolar gradient readout, and was segmented
over a number of turbo field-echo (TFE) shots. Each shot was preceded
by a T2-prep followed by an IR pulse. The duration of each TFE shot
(i.e. turbo factor) was optimized for image quality and total acquisition
time. This resulted in a typical turbo factor of 100 and a shot duration
of approximately 400 ms. A quadratic ramp-up flip angle sweep was
applied to reduce the transient-state signal oscillations [30]. In addi-
tion, centric k-space profile ordering was used in combination of half-
Fourier and parallel imaging acquisition for data readout to achieve
both shortened scan time and efficient background suppression, as the
center of k-space was sampled when the signal from background tissues
crossed the null point after a short inversion time (TI). Between each
shot the magnetization is allowed to return to equilibrium with a ty-
pical interval time of 3000 ms, after which the magnetization pre-
paration is repeated and the next shot is acquired (Fig. 1).

90 ms Fig. 3. Effect of T2-preparation pulse duration in REACT
. imaging. Images were acquired with a 3D IR-prepared Dixon

m% TFE with an inversion time (TI) of 100 ms in subclavian (a)
and abdominal (b) areas. While a longer T2-prep time led to a

higher arteriovenous contrast, as seen typically between the
abdominal aorta and inferior vena cava (arrows), it also re-
sulted in increased signal intensity in background tissues and
organs (arrow heads).
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Fig. 4. Effect of the inversion time (TI) in REACT imaging.
Images were acquired with a 3D T2-prepared Dixon TFE with
a T2-prep time of 50 ms in abdomen (a). In general, higher
background signal and lower blood-tissue-contrast was ob-
served with an increased TI, which was better visualized from
the corresponding 20 mm MIP images (b) and signal profiles
(c), respectively. Abdominal aorta was indicated by the ar-
rows in (b) and (c).
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2.3. Human imaging

Volunteer scans were performed on a 3T whole-body clinical system
(Ingenia, Philips, Best, the Netherlands) using a 32-channel anterior
and posterior phased-array coil. Ten healthy subjects (age 33 * 7 years)
without known diseases were scanned in multiple body parts. REACT
was compared to several other NCE-MRA techniques. For the sub-
clavian area flow-dependent NCE-MRA based on 3D time-of-flight
(TOF) and flow-independent MRA based on 3D balanced steady-state
free-precession (bSSFP) with fat saturation were additionally per-
formed. Both techniques are commonly used in clinical practice in the
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final image appearance in REACT vascular imaging. All
images shown are maximum intensity projections from the
first echo acquisition (left) and water-only images (right) of
the dual-echo generalized Dixon in a healthy subject in the
subclavian area with a FOV of 460 x 460 mm. Dixon with
non-balanced TFE acquisition provides homogeneous fat
suppression over the entire FOV, particularly in the neck area,
and subcutaneous (arrows) or bony (arrow heads) structures.
A magnetization inversion recovery (IR) pre-pulse with a
short inversion delay in combination with the Dixon method
provides contrast between vessels and background tissues
such as muscle based on differences in their T1 (second row).
A magnetization T2-prep pulse in combination of the Dixon
method renders high contrast between vessels and back-
ground tissues based on differences in their T2 (third row).
Finally, the joint effect of both T2-prep and IR pulses with the
Dixon method achieves the best overall background signal
suppression, while enhancing the apparent blood signal in the
vessels (last row). Consequently, the proposed REACT method
was established for in vivo flow-independent relaxation-based
angiographic imaging.

mbDixon TFE = modified dual-echo generalized Dixon with
segmented non-balanced turbo field echo.

upper body segment, with the former primarily in head and neck, while
the latter is also used for abdomen. For pelvis and lower extremities
flow-dependent NCE-MRA based on conventional 2D TOF and ECG-
triggered non-contrast-enhanced MR angiography (TRANCE) were ad-
ditionally performed [15,31]. These techniques are typically used in
long vessels with ECG triggering to avoid motion-induced ghost arti-
facts or misalignment due to arterial signal variations. For thorax and
abdomen the aforementioned bSSFP technique was also performed for
comparison. All images were visually assessed for overall image quality.
The typical imaging parameters of the pulse sequences used were
summarized in Table 1.
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TRANCE

Fig. 6. REACT in healthy volunteers with comparison to conventional non-contrast-enhanced sequences TOF- and bSSFP-based MRA as well as TRANCE.
Representative examples were selected from subclavian vessels (a), aorta (b), abdomen (c), and pelvic-femoral area (d). REACT showed the best image quality in
general, and particularly, in terms of vessel conspicuity, despite relatively lower arterial selection. For details see text.

Moreover, patient scans were conducted by REACT with the same
imaging parameters as used in the volunteers. Twelve patients with age
ranging from 6 to 72years old were studied with various vascular
malformations or pathologies. The scan times were about 3 to 4 min in
free breathing and without respiratory triggering. Images were visually
assessed and compared between REACT and conventional CE-MRA. The
latter was part of the standard patient scan protocol (imaging para-
meters in Table 1). In addition, tissue areas without lesion and with
uniform signal were selected for quantitative measurement of contrast-
to-noise ratio (CNR). This was defined by CNR = (Mean pjo0q — Mean
packground)/(SD blood> + SD background-)"’%, where Mean and SD refer to
mean values and standard deviations of the signal intensity measured

inside the lumen area (blood) and background avoiding artifacts, re-
spectively [50]. Comparison of the results was performed by paired t-
test analysis. A p-value of <0.05 was considered statistically sig-
nificant. Both volunteer and patient scans were approved by the local
ethics committee and all subjects gave written informed consent.

3. Results
3.1. Technical implementation and sequence optimization

For the feasibility test, a comparison of basic variants in NCE-FIA
using magnetization-preparation was performed. As shown in Fig. 2,
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Fig. 7. REACT of the subclavian area in a neutral arm position without ab-
duction (a) and an arm abducted position (b), of hand (¢) and foot (d) in
healthy volunteers.

signal readout with bSSFP (Fig. 2a) presented inhomogeneous back-
ground tissue suppression caused by present field inhomogeneities in
comparison to the non-balanced dual-echo Dixon acquisitions
(Fig. 2b—d). A long TI following the IR pulse (Fig. 2a—c) demonstrated
superior suppression of long-T1 tissue species such as synovial fluids in
the knee (arrows) compared to the short-TI variant (Fig. 2d). The same
long-TI but with an inverted temporal order of the two magnetization-
preparation pulses (Fig. 2c¢) showed reduced background tissue sup-
pression due to signal contamination from short-T2 tissue species such
as skeletal muscles (arrow heads). However, a preceding T2-prep pulse
in combination with a short TI (Fig. 2d) presented the best quality in
terms of uniformity and blood-tissue-contrast over the FOV (dotted
arrows). The last variant comprised the proposed REACT method.

By fixing the order of the two pre-pulses as described above, their
individual effects were investigated, with different echo times for the
T2 preparation pulse and different TIs for the IR pulse. The effect of the
T2-prep pulse on background tissue suppression is shown in Fig. 3,
where images were acquired with IR-preparation and Dixon TFE in the
upper thoracic and abdominal regions. A longer T2-prep echo time led
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to higher arteriovenous contrast for a fixed TI, as seen between the
abdominal aorta and inferior vena cava (arrows). At the same time,
lower signal-to-noise level and blood-to-background contrast was also
observed (arrow heads). Fig. 4 shows the effect of the IR pulse with
associated TI, where images were acquired with T2-preparation and
Dixon TFE in abdomen. In general, a longer TI led to poorer blood-to-
tissue contrast mainly due to recovery of the background signal, as
demonstrated in the signal profile along a horizontal line across the
major vessels in the corresponding 2 mm maximume-intensity-projection
(MIP) images (Fig. 4b and c). Based on these findings, an echo time of
50 ms for the T2 preparation pulse and a TI of up to 100 ms for the IR
pulse were selected for all applications in this work. A joint effect on the
final image appearance is demonstrated in Fig. 5.

3.2. REACT vs. conventional NCE-MRA

All data were successfully acquired. Unless otherwise noted, all re-
sults are shown as targeted coronal maximum-intensity-projection
(MIP) images based on the water-only Dixon data.

Fig. 6 shows the results of comparing REACT with conventional
non-contrast-enhanced MRA (NCE-MRA) in healthy volunteers in dif-
ferent body parts. In general, TOF-MRA had difficulty to depict the
entire vessels of the subclavian as well as femoral arteries, partially due
to its flow-directional sensitivity and surrounding fat signals (dashed
arrows). 3D bSSFP-based MRA, though flow independent, failed to
depict all vessels in the subclavian, thoracic, and upper abdominal
areas, due to either residual motion or banding artifacts typically seen
at high field due to susceptibility effects (solid arrows). In addition,
inadequate fat suppression and Bl inhomogeneities observed in
TRANCE (arrow heads) may lead to difficulty in clinical interpretation
[15]. In contrast, REACT showed high blood-to-tissue contrast for all
anatomical regions. It is noteworthy that, despite relatively low arterial
selectivity, REACT provided the best vessel conspicuity. In particular, it
allowed for better visualization of the distal part of the subclavian ar-
teries due to the uniform background tissue suppression (Fig. 6a top
right and Fig. 7a), which even permitted a delineation of the corre-
sponding vessels in the arm-abducted position (Fig. 7b). Two other
examples in extremities such as hand and foot are presented in Fig. 7c
and d, respectively.

3.3. REACT vs. CE-MRA and initial clinical data

A quantitative measurement of CNR between blood and background
tissue was shown in Table 2. REACT had a slightly higher overall group
mean value than contrast-enhanced MRA (CE-MRA), but there were no
significant differences (p > 0.05).

Fig. 8 illustrates the comparison between REACT and CE-MRA in
patients with vascular malformations of the extremities. In general,
REACT showed good image quality, in which all lesions were visible
and considered with high conspicuity for all patients. The vascular
malformations consisting of dilated tortuous vessels and intramuscular
infiltration shown in the CE-MRA were also well depicted by REACT
without contrast administration (arrows).

Fig. 9 shows an initial patient study using REACT for renal artery
assessment with a comparison to bSSPF-based MRA and digital sub-
traction angiography (DSA). Due to a history of chronic renal impair-
ment presented with refractory hypertension, the patient was contra-
indicated from contrast administration. Initial bSSFP-based MRA
demonstrated severe stenosis at the proximal third of the left renal
artery (arrow) on both axial source and coronal MIP images (Fig. 9a and
b). The subsequent free-breathing REACT 8 months later again revealed
severe stenosis at the ostium and proximal segment of the left renal
artery to a distance of 15mm from the ostium (Fig. 9c and d). DSA
performed on the same day (Fig. 9e) confirmed the finding of severe
proximal left renal artery stenosis up to 15mm from the ostium with
good visual correlation, which was followed by successful deployment
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Table 2
Quantitative measurement of the contrast-to-noise ratio (CNR) between blood
and background tissue for REACT and CE-MRA. See text for details.

Patient index Anatomies CNR
REACT CE-MRA
la Thigh right 4.16 5.02
1b Thigh left 2.95 4.36
2 Shoulder 6.55 6.56
3 Arm 10.09 5.20
4a Subclavian right 4.64 3.82
4b Subclavian left 3.37 4.18
5 Thigh 3.82 3.99
6 Arm 4.60 6.50
7 Hand 1.52 3.39
8 Thigh 2.76 3.53
9 Thigh 2.33 2.50
10 Arm 4.52 1.39
11 Hand 4.97 3.26
12 Subclavian 13.83 10.61
Mean + SD 5.01 + 3.30 4.59 + 2.37
Paired t-test P=0.24

of a balloon mounted stent (Fig. 9f).

4. Discussion

We have developed a new technique for relaxation-enhanced MR
angiography without contrast and triggering (REACT). The principle of
the proposed method is based on non-contrast-enhanced flow-in-
dependent angiography (NCE-FIA) with magnetization-preparation
[16,17]. However, REACT has its own features differentiating it from
the other flow-independent sequences. One of the most distinctive
differences is that it exploits the dual-echo generalized Dixon method
based on non-balanced gradient echo acquisition to take advantage of

L
REACT

CE-MRA
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robust and uniform fat suppression across a large FOV and 3D volume
without banding artifacts, even in challenging anatomical areas and at
higher field strengths like 3T. By combining T2 and IR magnetization
preparation with a short TI, an efficient background tissue suppression
is achieved, which in turn provides a high vessel conspicuity.

The key challenges identified in NCE-FIA so far have been sufficient
blood-tissue-contrast, large 3D volume covering complex anatomies
(e.g. extremities) with high resolution, and robustness against motion
for reduced misalignment. Previously reported approaches utilizing
magnetization preparation mainly rely on bSSFP signal acquisition
[10,11,18]. Although 3D bSSFP-based signal is flow independent and
provides good blood-to-background contrast due to its bright blood
signal, it is sensitive to off-resonance effects caused by BO field in-
homogeneities and disruptions of the steady state, such as motion or
pulsatile flow. These cause several known drawbacks including banding
artifacts, signal loss, residual fat signal, and have restricted its appli-
cation in the clinical practice, particularly at high field strength
[10,11,18]. Notably, such drawbacks persist in the previous attempts
using bSSFP Dixon based on either a 3-point approach [19] or center
frequency offsets [20,21]. The former is restrained by potential limit of
echo spacing at 3T as well as patient motion due to long TR (10 ms) and
scan time (typically 6 to 8 min) [19], whereas the latter has limited FOV
coverage and also flip angle restrictions due to an increased specific
absorption rate (SAR) [20,21]. These limitations are largely overcome
in this work by employing the Dixon method in a combination of non-
balanced gradient-echo acquisition and 2-point generalized solution
with semi-flexible echo times, which potentially also results in a shorter
TR. This Dixon method is tolerant to field inhomogeneity and tissue
susceptibility differences, as previously also shown in subtraction-less
CE-MRA [32]. It provides a robust fat suppression over a large FOV in
complex anatomies such as the subclavian area or extremities (Figs. 6 to
8) and allows for high-resolution, large-coverage acquisition with rea-
sonable scan times (approximately 3 to 4 min), even at 3T.

Fig. 8. REACT in patients with comparison to contrast-en-
hanced MRA. Representative examples were selected from
different patients with vascular malformation at right femur
(a), left arm extending from shoulder down to the wrist (b),
and left leg extending along the entire limb (c). REACT pre-
sented good image quality and also visualized equivalent
clinical indication for dilated tortuous vessels and in-
tramuscular infiltration (arrows). Details of the CE-MRA
imaging parameters see Table 1.
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Fig. 9. REACT for renal artery assessment in a patient with chronic renal impairment (male, 72 years old). In both source images (a, ¢) and coronal MIP (b, d) of the
initial bSSFP-based MRA (a, b) and REACT (c, d), with 8 months apart, severe stenosis in the left renal artery can be well demonstrated (arrow). Digital subtraction
angiography (DSA) performed on the same day of REACT confirmed this finding with good visual correlation (e), followed by successful deployment of a balloon

mounted stent (f).

Compared to the other magnetization-prepared NCE-FIA techniques
[10,11,18,19], another difference of the current method is the inverted
temporal order of the IR and T2 pulses. An IR pulse with a long in-
version time (TI) that precedes the T2-prep pulse helps to attenuate
long-T1 fluids, as shown in Fig. 2 and also previously described
[10,11,33]. However, the fact that the thoracoabdominal area contains
organs and tissues with mixed T1 times has limited its application
mainly to peripheral angiography [10,11,18,19]. In addition, a long TI
results in a lower SNR and blood-tissue-contrast in general, as observed
in Fig. 4. In contrast, in this work the IR pulse was implemented im-
mediately after the T2-prep pulse with a short TI, mainly serving to
nulling the static tissues with short-to-intermediate T1 and T2. This is
important because for tissue with a relatively short T2 and thus sup-
pressed by the T2-prep pulse, such as muscle or internal organs, only a
short TI is needed to null out its residual signal (Figs. 1 and 4). Although
this results in low artery-to-vein contrast and bright signal from the
long-T1 fluids such as edema, cerebrospinal fluid (CSF) or synovial
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fluid, as previously described in an early study [9], it provides the best
quality with a robust blood-tissue-contrast in general (Fig. 2). The re-
sidual signal from fat is further suppressed by the dual-echo generalized
Dixon method to enhance the blood-to-tissue contrast (Figs. 3 to 5).
Moreover, the comparison study in healthy volunteers (Fig. 6)
shows that REACT can better depict all vessels within the FOV with a
shorter scan time, in comparison to the flow-dependent MRA techni-
ques such as TOF or TRANCE. These two techniques also require ECG
gating either to avoid ghost artifacts from periodic view-to-view var-
iations in arterial signal (e.g. for 2D TOF) [14] or to ensure that data are
specifically acquired during peak systolic and diastolic phases of the
cardiac cycle (e.g. for TRANCE) [15]. In the latter case, as an angiogram
is obtained via subtraction of two measurements, motion-induced
misalignment could potentially limit the robustness of the method and
cause a significant problem in patient exams. This challenge also ap-
plies to the recently proposed velocity-selective or acceleration-de-
pendent approaches [34-36] and dual-acquisition methods
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Fig. 10. REACT for non-contrast-enhanced whole-body free-breathing MRA in a
healthy volunteer. The angiogram was produced in four stations: thorax, ab-
domen, thigh and calf, respectively. Detailed depiction of the vasculature was
achieved through 3D high-resolution isotropic acquisitions. The coronal and
oblique-coronal views with inverted image contrast were shown here.

[10,20,21,37]. REACT, however, as a flow-independent and subtrac-
tion-less technique, achieve proper vessel delineation in lower ex-
tremities without the need for cardiac synchronization. Recently, an-
other NCE-MRA technique based on inflow-preparation and multi-slice
bSSFP readout, termed quiescent-interval slice-selective (QISS), has
also demonstrated its capability for whole-body angiogram on 1.5T
[38-41]. However, its bSSFP readout poses associated challenges such
as banding artifacts for applications on 3T [42]. Alternative im-
plementations like non-bSSFP readout may help to improve its ro-
bustness at a potential cost of lower SNR [43]. A systematic in-
vestigation would be required in future studies for a direct comparison
with the current method.

In the clinical setting, removing the need for contrast injection is
especially important for patients with, for example, severe renal par-
enchymal impairment, pregnancy or young age. A robust high-quality
free-breathing NCE-MRA technique, which can be performed “on-the-
fly” without the need for applying respiratory sensors or ECG elec-
trodes, and within a reasonable scan time is invaluable. Initial patient
studies in Figs. 8 and 9 demonstrate a strong visual correlation between
REACT and other conventional angiographic imaging, with better di-
agnostic quality from REACT in some cases. CE-MRA typically requires
certain waiting time to visualize vascular malformation, given a “de-
layed effect” due to contrast filling. REACT, being a NCE-MRA method,
eliminates such an acquisition time window dependence, and further
allows for a clear delineation of the overall internal extent of the lesion.
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It shows a promising potential in the clinical assessment of vascular
malformations or vasculopathies [44,45] and pediatric applications
[46]. In particular, REACT may help to serve as an initial “survey”, for
example, in multiple-station whole body screening as demonstrated in
Fig. 10, for any further targeted imaging. However, as with any other
NCE-MRA methods, where the image characteristics in patients may not
necessarily be the same as that of CE vascular imaging technique [17],
its clinical performance in diagnosis or treatment monitoring needs to
be further investigated in an extended patient cohort.

There are several limitations to the proposed REACT method. First,
both arteries and veins were visible in the results presented. Our results
have shown that the relaxation time difference between arterial and
venous blood, due to difference in their oxygenation levels, can be
further exploited for improved arteriovenous contrast by prolonging the
T2-preparation echo time (Fig. 3). This has also been shown in the other
flow-independent angiography methods in NCE-MRA [19,47]. Un-
fortunately, however, it also caused lower blood-to-tissue contrast and
lower signal-to-noise level that might lead to potential failure in water-
fat separation [9,45]. Nevertheless, in most clinical situations it is
usually straightforward to visually distinguish arteries from veins. In
certain cases the ability to assess venous anatomy can even prove to be
an advantage, such as for evaluation of complex arteriovenous mal-
formations and other non-ischemic vascular diseases, e.g. in pediatric
patients. While further investigations are needed to evaluate the op-
timal T2-prep echo times, an acceleration-dependent preparation ap-
proach may help to improve artery sensitization and remove venous
“contamination” for potential simplification in clinical interpretation
[19]. Second, bright signal of long-T1 fluids such as edema, CSF or
synovial fluid are visible in the REACT images (Fig. 2). This can obscure
vascular structure in the region of interest, has also been observed with
the bSSFP-based methods [10,11,18]. On the other hand, it is also
clinically relevant to have such information present in the angiogram,
as shown in Fig. 8. An improved suppression of this long-T1 fluid signal
could potentially be achieved by selecting parameter sets including
different TI times as well as exciting flip angles as described in [9]. A
more comprehensive study must be undertaken to evaluate these effects
and to fully compare the relative benefits of magnetization preparation
and signal readout methods, as it is well known that relaxation-based
NCE-MRA must trade-off between improving the quality of surrounding
stationary tissue suppression at the cost of arterial signal loss [17].

Another improvement of our proposed technique would be to
combine existing motion compensation approaches such as respiratory
triggering for a further detailed vessel delineation [46]. Although this
may increase the scan time, we expect that imaging acceleration tech-
niques like compressed sensing, taking advantage of the inherent
sparsity of MR angiograms, may preserve or shorten the total scan
duration even with respiratory triggering [48,49]. In addition, the
proposed REACT method can be easily extended to 1.5T, where less
challenges in field homogeneity are present.

In conclusion, we have demonstrated the feasibility of REACT as a
new non-contrast-enhanced relaxation-based flow-independent MRA
method for vascular imaging in various body parts with large anato-
mical coverage at 3T. Initial results in both healthy subjects and pa-
tients show high-quality angiograms with robust uniform fat suppres-
sion in complex anatomies and good blood-to-tissue contrast. Future
investigations should focus on an improved artery-vein-contrast, and
further studies are warranted to assess the clinical utility of this method
in patients with suspected vascular pathologies and its diagnostic per-
formance in comparison to other MRA techniques.
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