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A B S T R A C T

Flow-independent relaxation-based non-contrast MR angiography techniques yield good signal-to-noise ratio
and high blood-tissue contrast, complementing non-contrast flow-dependent and contrast-enhanced MR an-
giography techniques in the assessment of vascular disorders. However, these techniques often suffer from
imaging artifacts at high magnetic field strengths or across large fields-of-view. Relaxation-Enhanced
Angiography without Contrast and Triggering (REACT) is a recently introduced flow-independent non-gated
non-contrast three-dimensional MR angiography technique that has been developed to mitigate some of these
issues. We present our initial experience with the clinical applications of REACT in imaging disorders of the
central and peripheral vascular systems.

1. Introduction

Contrast enhanced MR angiography (CE-MRA) is widely accepted as
the gold standard non-invasive MRI alternative to conventional angio-
graphy in the evaluation of vascular anatomy and pathology. It relies on
intravenous administration of gadolinium-based contrast agents to
generate high T1-weighted signal in the blood, typically employing
gradient recalled echo-based pulse sequences. This requires timely and
targeted MR acquisition as the contrast bolus courses through the re-
gion of interest [1]. Time-resolved imaging techniques can lessen some
of the technical challenges involved in acquisition although this comes
at a potential cost of lower spatial resolution [2]. In addition, in-
travenous use of gadolinium-based contrast agents is limited in certain
groups of patients, such as patients with severe renal impairment due to
increased risk of nephrogenic systemic fibrosis [3,4]. Growing concerns
of gadolinium safety have also led to efforts in dose reduction or re-
striction particularly in pediatric patients [5], as well as the yet un-
known implications of gadolinium accumulation in the brain following
repeated contrast agent administrations [6,7]. These considerations
highlight the clinical need and have accelerated the development of
new non-contrast MR angiography (NCE-MRA) techniques [8].

NCE-MRA techniques as a group can be used as a primary diagnostic

pulse sequence and allow repeating inadequate or non-diagnostic scans
without incurring additional contrast dose. Various techniques based on
different contrast mechanisms are available, broadly divided into flow-
dependent (such as traditional time-of-flight and phase contrast tech-
niques that generate tissue contrast through flow characteristics) and
flow-independent techniques. Some limitations of flow-dependent
techniques include image degradation due to variable flow rates, in-
plane saturation, aliasing due to inappropriate velocity encoding as
well as bulk motion misregistration with cardiac-gated subtraction
techniques [9].

Flow-independent techniques exploit the differences in relaxation
times of arterial blood, venous blood and static background tissues to
generate vascular contrast [10]. As these are based on intrinsic tissue
parameters and not on flow rate, such techniques may also allow for
detection of slow flow in venous structures and diseased arteries [9].
The balanced steady-state free precession (bSSFP) technique is an ex-
ample of a relaxation-based flow-independent technique yielding good
signal-to-noise ratio and high blood-tissue contrast [11,12]. However
bSSFP is highly susceptible to off-resonance effects with image quality
often suffering from banding artifacts, signal loss or inadequate fat
suppression particularly over large fields-of-view, thus limiting its uti-
lity [13–15].
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Relaxation-Enhanced Angiography without Contrast and Triggering
(REACT) is a recently developed flow-independent non-gated three-
dimensional (3D) NCE-MRA technique that seeks to mitigate imaging
artifacts and potential loss of signal when imaging at high magnetic
field strengths or across large fields-of-view. REACT provides the ability
to generate strong vascular contrast with robust fat-suppression without
the need for image subtraction as well as affording the option of free-
breathing scanning [16]. 3D volumetric data acquisition also facilitates
additional benefits of multiplanar reformation and maximum intensity
projection (MIP) post-processing. This broadens the clinical applic-
ability of flow-independent relaxation-based techniques. In this article,
we describe our initial clinical experience and potential applications of
REACT in the evaluation of various vascular disorders with reference to
established conventional contrast-enhanced angiography techniques.

2. Materials and methods

The REACT pulse sequence begins with magnetization preparation,
first employing a four-pulse adiabatic-based T2-prep module followed
by a non-volume selective short tau inversion recovery (STIR) pre-pulse
with a short inversion time (TI) [16] (Diagram 1 ). The T2-prep module
facilitates differentiation between arteries and veins by exploiting dif-
ferences in their T2 relaxation times as well as reduces signal from
tissues with short T2 relaxation times such as skeletal muscles [17],
while the STIR pulse sequence suppresses signal from tissues with short-
to-intermediate T1 and T2 relaxation times such as internal organs and

nerves [18]. Subsequently a 3D modified two-point chemical-shift
water-fat separated turbo-field echo pulse sequence (mDIXON TFE) is
applied. The use of a generalized two-point solution with semi-flexible
echo times [19], a priori information of magnetic field distortions [20]
and a multipeak fat model reconstruction [21] allows for robust uni-
form fat suppression over a large field-of-view.

Collectively the T2-prep, STIR and mDIXON pulse sequences sup-
press signal from static background tissues with short-and-intermediate
T1 and T2 relaxation times, while enhancing the long T1 and T2 signal
of native blood for optimal vessel-to-background signal contrast.

We have employed the REACT pulse sequence as part of our routine
department MR imaging protocol in the assessment of patients with
various vascular conditions since 2017. We perform the MRI scans on a
Philips Ingenia 3.0T MRI system (Philips Healthcare, Best, Netherlands)
using a 32-channel phased-array torso coil. Scan times for REACT are
typically 2–3 minutes without respiratory triggering and 5 minutes with
optional respiratory triggering. Typical imaging parameters used in
REACT are listed in Table 1.

3. Results

We illustrate our preliminary clinical experience with REACT and
provide imaging correlation with established conventional techniques
such as CE-MRA, contrast-enhanced computed tomography angio-
graphy (CTA) and catheter digital subtraction angiography (DSA)
through various case examples described as follows.

3.1. Assessment of thoracic outlet syndrome

Thoracic outlet syndrome can be broadly divided to three main
etiologies based on the structure being compressed – neurogenic, ve-
nous or arterial [22]. MRI is the imaging modality of choice for the
evaluation of possible thoracic outlet syndrome [23]. It allows identi-
fication of the site of involvement and evaluates predisposing anato-
mical features in order to confirm or exclude the diagnosis. The diag-
nosis of vascular thoracic outlet syndrome is supported by presence of
collaterals, intraluminal thrombus, occlusion or stenosis of the vessel.

Scans are performed initially with the arms adducted and then ab-
ducted above the head to evaluate compromise to the central vessels in
different positions. CE-MRA techniques would require either the use of
an intravascular contrast agent if only a single injection is desired, or
multiple contrast boluses in the case of extracellular agents given the
need for imaging in more than one position [24]. This limitation may be
circumvented using NCE-MRA techniques, however traditional NCE-

Diagram 1. Pulse sequence diagram illustrating key components of the REACT technique.

Table 1
FoV = field-of-view, TFE = turbo field echo, SENSE = sensitivity en-
coding, mDIXON = modified dual-echo generalized DIXON, NSA =
number of signal averages.

FoV [mm2] 120 × 120–280 × 280
Slice orientation Coronal
Voxel size [mm³] 1.0–1.3
Fat suppression mDIXON
Signal readout 3D TFE
TR [ms] 3.9
TE1/TE2 [ms] 1.3/2.3
Flip angle [°] 12
Magnetization preparation
-T2prep time [ms] 50
-Inversion delay time [ms] 70–105
TFE short interval [ms] 3000
Turbo factor 100
SENSE factor 2
NSA 1

E.J. Tan, et al. European Journal of Radiology Open 7 (2020) 100238

2



MRA techniques of the thoracic outlet are often limited by poor fat
suppression, respiratory motion artifact, susceptibility artifacts and
long scan times due to cardiac / respiratory gating.

REACT offers the inherent advantages of free-breathing scan ac-
quisition, allowing evaluation of both arterial and venous structures
with good spatial resolution across a large field-of-view and robust fat
suppression. This may also be complemented with MR neurography of
the brachial plexus using 3D STIR or DIXON-based pulse sequences for
comprehensive non-contrast MRI evaluation of both neurogenic and
vascular causes of thoracic outlet syndrome.

Cases 1 and 2 demonstrate the visual correlation of free-breathing
REACT of the thoracic outlet vessels with conventional time-resolved
CE-MRA and CTA respectively. REACT is able to depict the length of the
subclavian vessels well with uniform fat suppression; these are chal-
lenging to image with other NCE-MRI techniques like time-of-flight or
bSSFP due to flow-directional sensitivity in the former and motion or
susceptibility banding artifacts in the latter. Alternative explanations
for patient symptoms may also be identified on MRI, as seen in Case 3
where REACT shows good correlation with conventional CTA in the
diagnosis of incidental stenosis of the internal carotid artery.

3.2. Assessment of central vein stenosis

The placement of intravascular catheters in the central veins for the
initiation of dialysis in patients with end-stage renal disease can result
in complications such as central vein stenosis. This compromises sub-
sequent downstream access sites and leads to subsequent issues with
dialysis. NCE-MRA is particularly useful in this situation as it avoids
contrast related complications in renal function impaired patients while
simultaneously allowing assessment of the brachiocephalic veins and
superior vena cava which are not readily evaluated via Doppler ultra-
sound.

Phase contrast MR venography has been shown to be a viable non-
invasive alternative to digital subtraction venography in evaluating the
central veins [25]. REACT is also a potential option with the added
benefits of shorter scan times compared to the phase contrast technique,
and without the need to set a velocity encoding parameter. As illu-
strated with Case 4, REACT may be a useful alternative providing
comparable information to conventional venography in the assessment
of the central veins.

Fig. 1. A). Free-breathing REACT NCE-MRA maximum intensity projection (MIP) image of the thoracic outlet with arms down. REACT MRA in both the arms
adducted and abducted positions demonstrate normal appearance of the vessels at the thoracic outlet without evidence of collaterals, thrombus or stenosis. Venous
signal demonstrates patency of the great veins on REACT and can be differentiated from the arteries by their slightly lower signal intensity. B). Free-breathing REACT
NCE-MRA MIP image with arms up. C). Time-resolved CE-MRA confirms patency of the great vessels of the aortic arch, as depicted earlier on REACT.
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3.3. Assessment of renal artery patency

Renal artery stenosis is a known cause of refractory hypertension,
often complicated by progressive renal impairment. This condition is

potentially reversible - intervention can aid blood pressure control and
preserve renal function [26]. Imaging should provide information about
the main and accessory renal artery anatomy, identify number and sites
of stenoses, ascertain the length and degree of stenosis, as well as

Fig. 2. A). Free-breathing REACT MIP image with arms down. REACT MRA in both arms adducted and abducted positions demonstrate normal appearance of the
vessels at the thoracic outlet without evidence of collaterals, thrombus or stenosis. Great veins are patent and again show slightly lower intensity compared to the
arteries. B). Free-breathing REACT MIP image with arms up. C). CTA MIP performed subsequently confirms patency of the great vessels of the aortic arch, as per
findings on REACT.

Fig. 3. A). Coronal free-breathing REACT MIP image reveals incidental focal stenosis at the right proximal internal carotid artery (arrow). No vascular stenosis or
extrinsic mass effect is identified at the thoracic outlet. Note the excellent depiction of the intercostal arteries. B). Subsequent CTA performed two weeks later shows a
short segment of moderate stenosis of the right internal carotid artery due to an atherosclerotic plaque, correlating with findings on earlier REACT MRA.
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determine the presence of any associated pathological conditions such
as abdominal aortic aneurysm [27].

Doppler ultrasound is a good non-invasive screening modality pro-
viding hemodynamic information of the renal arteries [28], but is op-
erator dependent and sometimes non-diagnostic due to patient factors
such as excessive bowel shadows [29]. CTA and CE-MRA both provide
direct anatomic evidence of renal artery stenosis with high sensitivity
and specificity [30]. However, patients with chronic kidney disease are
more vulnerable to potential contrast related complications related to
CTA (contrast induced nephropathy) and CE-MRA (nephrogenic sys-
temic fibrosis).

NCE-MRA including bSSFP techniques have shown to be reliable in
depicting normal [27] and stenosed renal arteries [31–33], as well as of
transplanted renal arteries [34]. Similarly, REACT may be a viable al-
ternative to screen for and monitor patients with renal artery stenosis.
As illustrated in Case 5, REACT identifies a single short segment of
severe stenosis at the ostium of the left main renal artery and shows
good visual correlation with findings on conventional DSA, providing
useful information to the interventionist for procedure planning.
REACT can also be useful for evaluating segmental renal artery pa-
thology as demonstrated in Case 6, where occlusion of the right renal
artery posterior division resulting in acute renal parenchymal infarcts is

well demonstrated on both REACT and CTA.

3.4. Assessment of vascular malformations

Peripheral vascular malformations are a diverse group of vascular
anomalies which may affect arteries, veins, capillaries and lymphatics
either individually or in combination [35]. Radiological evaluation is
essential particularly in the setting of pre-treatment planning. Grey-
scale ultrasound is useful in the assessment of superficial soft tissue
masses allowing characterization of the lesion, while Doppler inter-
rogation in the context of a vascular lesion allows assessment of its
hemodynamics [36]. However ultrasound is limited in the assessment
of the soft tissue components and becomes problematic in cases of
larger and deeper lesions [37].

MR imaging is the preferred modality due to superior soft tissue
contrast providing details of lesion characteristics and extent as well as
its relationship with surrounding structures [38]. NCE-MRA can be
performed as an initial survey to delineate anatomy of the vasculature,
complementing subsequent hemodynamic evaluation with either dy-
namic contrast enhanced MRA, CTA or more invasive catheter DSA
studies. Cases 7 and 8 illustrate the utility of REACT in identifying
major feeding arterial and draining veins in the evaluation of

Fig. 4. A). Coronal free-breathing REACT MIP image demonstrates no significant stenosis in the left brachiocephalic vein (arrow). B). Subsequent conventional
catheter venogram confirms patency of the left brachiocephalic vein.

Fig. 5. A). Coronal free-breathing REACT MIP image reveals a segment of severe stenosis at the ostium and proximal left renal artery (arrow). B). DSA performed on
the same day confirms severe left proximal renal artery stenosis with good visual correlation with REACT.
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Fig. 6. A). Reconstructed coronal oblique portovenous phase CT abdomen demonstrates a segmental right renal infarct and poor opacification of the right renal
artery posterior segmental branch (arrow). B). Coronal T2 single shot turbo-spin echo image delineating the right main renal artery (solid arrow), posterior segmental
branch (arrow) and right renal vein (arrowhead). C). Coronal oblique REACT MIP reveals absent signal within the right renal artery posterior segmental branch in
keeping with complete occlusion (arrow). The right main renal artery (solid arrow) and right renal vein (arrowhead) are patent. D. Subsequent dedicated CTA
confirms complete occlusion of the right renal artery posterior segmental branch (arrow) with good visual correlation with REACT. The right main renal artery (solid
arrow) and right renal vein (arrowhead) are patent.

Fig. 7. A). Axial T1-weighted MRI image of the right calf reveals an intramuscular arteriovenous malformation in the soleus muscle (arrow) containing areas of
intralesional fat and hemosiderin staining. B). Coronal REACT MIP image demonstrates a single major arterial supply to the arteriovenous malformation at its
superior aspect via a long tortuous branch of the peroneal artery arising just distal to the tibioperoneal bifurcation. A single major draining vein from the superior
aspect of the malformation is seen accompanying the major arterial supply. C). Time-resolved CE-MRA shows good visual correlation with the REACT images.
Anatomical details regarding vascular supply to the arteriovenous malformation could be acquired from the earlier REACT NCE-MRA, with CE-MRA providing
corroborative and confirmatory information.
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arteriovenous malformations, displaying strong correlation with CE-
MRA findings. This aids both in the pre-procedural planning and intra-
procedural management of such disorders, as demonstrated with the
intra-procedural embolization DSA images in Case 8. REACT also serves
as a useful adjunct technique in the assessment of slow-flow vascular
malformations with high signal-to-noise as shown in Case 9.

4. Discussion

REACT utilizes 3D magnetization preparation dual-echo DIXON-
based water-fat separation pulse sequences with a non-balanced gra-
dient-echo readouts to provide strong blood-tissue contrast and robust
uniform fat suppression even across large fields-of-view [39–41], mi-
tigating the banding artifacts and signal loss commonly encountered in
other flow-independent NCE-MRA techniques such as bSSFP due to
sensitivity to off-resonance effects from B0 field inhomogeneity

Fig. 8. A). Coronal proton density (PD) weighted MRI of the right thigh demonstrates a large heterogenous intramuscular mass (arrow) in the adductor magnus
muscle with areas of hemosiderin staining. It contains multiple large serpiginous vessels, some with flow voids representing arterialized vessels in keeping with an
arteriovenous malformation. B). REACT MIP shows that the dominant arterial supply towards the superior aspect of the lesion is derived from beaded and tortuous
branches of the profunda femoris artery (arrow), with a lesser arterial supply to the inferior aspect of the lesion from more distal profunda femoris arterial branches
(arrowhead). Early venous drainage into multiple small tributaries of the profunda femoris and superficial femoral veins is seen although no large dominant draining
vein is evident. Note the background amorphous signal within the vascular malformation on the REACT images due to intralesional edema and venous pooling. C).
Time-resolved CE-MRA shows good visual correlation with REACT, detailing vascular supply to the arteriovenous malformation. D). Post-embolization catheter DSA
delineating both the proximal and distal arterial feeders from the profunda femoris artery to the arteriovenous malformation, closely matching observations made on
REACT MRA and CE-MRA.
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[13–15]. Given that the technique is flow-independent, cardiac trig-
gering and image subtraction are not required allowing shorter scan
times and avoiding misregistration artifacts. REACT also allows for free-
breathing image acquisition and the optional use of respiratory trig-
gering if required, which is particularly helpful in patients who are
unable to breath-hold such as children [42].

REACT depicts both arteries and veins well, typically with higher
signal in arteries compared to veins allowing for their differentiation.
This is a useful feature when assessment of venous anatomy is also
necessary such as in the evaluation of thoracic outlet syndrome, central
vein stenosis or vascular malformations. One potential disadvantage of
REACT is that difficulty may be encountered in distinguishing small

arteries from veins within the area of concern due to overlapping
structures. However our experience is that it is usually straightforward
to distinguish between arteries and veins, as being a 3D technique,
REACT allows for image post-processing reconstruction in different
projections and rotations to aid delineation between superimposed ar-
teries and veins [16].

Long T1 / T2 signal from fluids or structures included within the
field-of-view such as cerebrospinal fluid (CSF), interstitial edema, sy-
novial fluid, cystic collections or slow-flow vascular / lymphatic mal-
formations (e.g. venous malformations such as in Case 9) may obscure
vascular structures in the region of interest [43,44]. Unlike NCE-MRA
techniques such as time-of-flight, phase contrast and arterial spin

Fig. 9. A). Radiograph of the right hand reveals a soft tissue mass containing phleboliths in keeping with a venous malformation. B). Ultrasound of the right hand
demonstrates slow flow vascular channels within the mass without significant arterialized flow signal. C). Coronal PD-weighted MRI shows an infiltrative slow-flow
venous malformation (arrow) in the deep palmar space at the radial side of the hand overlying the second and third metacarpals, extending into the index finger and
along the length of the middle finger. The median nerve as well as digital neurovascular bundles to the index and middle fingers were encased by the venous
malformation (not shown). D). REACT MIP image reveals no large artery supply or dominant venous drainage of the malformation. REACT MRA demonstrates better
signal-to-noise ratio compared to time-resolved CE-MRA. Note the bright lobulated intralesional signal within the vascular malformation due to venous pooling. E.
Time-resolved CE-MRA better demonstrates the smaller digital vessels which are obscured on REACT by the large venous / cavernous component of the lesion.
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labelling, REACT would not be a suitable alternative for intracranial
vascular assessment as high CSF and moderately high brain signal in-
tensities would obscure blood signal from small intracranial vessels, as
illustrated by the partially included intracranial images in Cases 1-4.
While suppression of long T1 free fluid signal could be achieved by
selecting different TI times, this may come at a cost of arterial signal
loss [16], whereas longer T2-prep time for REACT could improve signal
differentiation between arteries and veins further but may result in
failure of water-fat separation in the peripheral aspects of the field-of-
view [39].

REACT also does not confer any hemodynamic flow information,
rendering it necessary to proceed with dynamic time-resolved CE-MRA,
Doppler ultrasound or conventional DSA if such information is re-
quired. Although REACT is robust to mild motion such as with normal
gentle respiration, image quality may nonetheless be degraded with
larger degrees of irregular motion and may benefit from respiratory
gating at the expense of scan time [45]. Contraindications for MRI
apply as patients with claustrophobia or non-compatible metallic and
electronic implants would similarly be unable to undergo REACT.

While NCE-MRA techniques do not replace CE-MRA techniques as
the mainstay for high resolution MRA, the inclusion of REACT as a flow-
independent relaxation-based technique may provide useful com-
plementary or supplementary information to CE-MRA given that it only
requires little additional scan time. REACT allows for a preliminary
survey of vascular structures and provides an initial vascular roadmap
to facilitate planning of subsequent DSA or CE-MRA. This is particularly
important in the latter where accurate bolus timing is critical. As an
NCE-MRA technique, REACT can provide important clinical informa-
tion about vascular disorders in patients where CE-MRA is not an option
e.g. patients with contraindications to intravenous gadolinium admin-
istration such as pregnancy, severe renal impairment, and gadolinium
allergy. As a fast 3D technique that allows for free-breathing imaging
acquisition requiring no patient preparation, REACT can be repeated
several times to cover different anatomic areas if necessary without
additional contrast burden. Initial quantitative signal measurements
comparing REACT and CE-MRA are also encouraging, demonstrating
similar blood to background tissue contrast-to-noise ratios [16].

5. Conclusion

We describe our preliminary clinical experience with REACT as a
new NCE-MRA technique in the evaluation of various vascular pathol-
ogies, demonstrating strong visual correlation with conventional con-
trast-enhanced imaging techniques such as CE-MRA, CTA and DSA.
REACT offers the advantages of non-contrast, free-breathing, non-
gated, fast 3D assessment of both arterial and venous structures with
robust large field-of-view fat suppression. REACT is a promising in-
clusion to the armamentarium of MRA imaging techniques with many
potential applications in the assessment of vascular disorders.

CASE 1

An adult man referred for suspected thoracic outlet syndrome.
REACT MRA and CE-MRA were performed as part of MRI assessment of
the thoracic outlet (Fig. 1a-c).

CASE 2

An adult woman referred for suspected left thoracic outlet syn-
drome. REACT MRA was performed as part of MRI assessment of the
thoracic outlet. Comparison was made with a subsequent CTA study
(Fig. 2a-c).

CASE 3

An adult man referred for suspected thoracic outlet syndrome.

REACT MRA was performed as part of MRI assessment of the thoracic
outlet (Fig. 3a and b).

CASE 4

An adult man with chronic renal failure requiring dialysis. Non-
gated free-breathing REACT MRA was performed to assess for central
vein patency before vascular access creation. The patient was tachyp-
neic with irregular breathing during the MRI study (Fig. 4a and b).

CASE 5

An adult man with chronic renal impairment referred for evaluation
of suspected renal artery stenosis detected on renal arterial Doppler
ultrasound study (Fig. 5a and b).

CASE 6

An adult man presented with acute abdominal pain (Fig. 6a-d).

CASE 7

An adult woman with a history of right upper limb and left foot
arteriovenous malformations. REACT MRA and CE-MRA were per-
formed as part of an MRI study to evaluate a right calf mass with recent
increase in size (Fig. 7a-c).

CASE 8

An adult man with an enlarging right thigh lump. Work-up for the
mass included initial radiographs (not included) and subsequent MRI
performed with both REACT MRA and CE-MRA sequences (Fig. 8a-d).

CASE 9

An adult man with longstanding right hand swelling referred for
work-up of the mass that included initial radiographs, ultrasound and
subsequent MRI employing both REACT MRA and CE-MRA sequences
(Fig. 9a-e).
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