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Abstract  MRA has higher accuracy,
less operator dependence, a larger
field-of-view, three-dimensionality
and superior contrast resolution than
ultrasonography. Additionally, MRA
offers a safer alternative to the pa-
tient than CTA as neither ionizing ra-
diation nor iodinated contrast agents
are used.

Contrast-enhanced MRA with ex-
tra cellular contrast agents is fast and
flow-independent, offers substantial-
ly higher spatial and temporal reso-
lution compared to non-contrast
techniques and has become the stan-
dard of practice. The highly accurate
but static anatomical road-map thus
generated can be supplemented with
time-resolved MRA and blood flow
measurement techniques for a more
comprehensive assessment of sys-
temic vascular disease.

In the context of burgeoning tech-
nological advances with rapid trans-
lation into clinical MRA practice,
this review explores the current posi-
tion of MRA and the potential role

for the new and exciting blood-pool
contrast agents for diagnosing and
characterizing vascular disease.

Blood-pool agents offer the po-
tential to take MRA to the next level
by combining first-pass arterial
phase imaging with steady state
high-resolution images that exploit
the persistent high intravascular en-
hancement generated by blood-pool
agents and which is significantly
greater than with extra cellular
agents. Additional benefits derive
from the ability to characterize
plaque and to detect internal bleed-
ing.

These advantages place MRA in a
prime position to comprehensively
and non-invasively evaluate both
vascular anatomy and function with
anticipated further expansion into
more and more clinical applications.
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in clinical practice

Introduction

Diagnosis and management of vascular disease are being
revolutionized by the rapid pace of technical advances in
non-invasive vascular imaging, particularly MR angiog-
raphy. Patients with suspected vascular disease require
accurate demonstration of vessel patency and luminal
contours with sufficient resolution to grade the severity
of stenosis and characterize surface features including
ulceration and mural irregularity. Ideally, a non-invasive

modality should provide information about inflow to the
organ under study in addition to haemodynamic signifi-
cance of any lesions detected. This may include flow
measurements or detection of turbulent flow jets with 2-
D or 3-D phase contrast imaging, and determination of
end organ size and perfusion with static imaging or time-
resolved MRA. Imaging of the vessel wall is important
in patients with vasculitis and is likely to be increasingly
important for other conditions as we learn more about
the biology of vascular diseases. A review of medical in-
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dexes, using MRA as a keyword, reveals a continuing in-
crease in the annual rate of publications on this topic
(Fig. 1). This emphasizes the growing role of MRA in
clinical practice as compared to other imaging modalities
based on recognition that diagnosing vascular disease
and road-mapping no longer depends upon catheter angi-
ography, exposure to ionizing radiation or use of iodinat-
ed contrast agents.

MRA surpasses ultrasound

Compared to duplex sonography, MRA is more accurate,
3-dimensional, less operator-dependent, has a larger
field-of-view and superior contrast resolution. Like ultra-
sound, MR can measure flow rates through vessels and
additionally can evaluate the vessel wall for thrombus,
plaque and plaque haemorrhage. Although MRA is more
expensive and less readily available than ultrasound, the
added information provided by MR has resulted in its
widespread utilization as the modality of choice for a va-
riety of vascular disorders. In fact, numerous compara-
tive studies with DSA have established MRA as a robust,
reproducible technique, the de-facto standard in most in-
stitutions where it is available for diagnosis and treat-
ment planning of most vascular disorders. At medical
centres with MRA expertise, sonography has been rele-
gated to the role of a screening examination for many in-
dications.

MRA is safer than CTA

MRA has three enormous advantages over CTA: elimi-
nation of ionizing radiation and iodinated contrast and
more functional information with time-resolved MRA

and blood-flow measurements. Although CTA offers, in
many instances, anatomic information similar to MRA at
higher resolution with greater ease of use, its ease of per-
formance does not outweigh safety concerns. A growing
number of reports indicate that even low doses of radia-
tion may have associated risk .

A significant improvement in diagnostic quality of
angiograms (DSA, CTA and MRA) can be achieved by
elimination of “background” (bone and calcium in the
case of X-ray techniques and subcutaneous and bone
marrow fat in the case of MRA). For DSA, subtraction
of a precontrast mask effectively eliminates interfering
bony detail. Mask subtraction would also benefit CTA by
addressing the issue of obscuration of vascular segments
by adjacent bone and also would allow clear differentia-
tion of the vividly enhancing vessel lumen from mural
calcification. However, attempts at mask subtraction for
CTA have been suboptimal and lead to doubling radia-
tion exposure.

Fig. 1 Number of publications
on MRA listed in index medi-
cus each calendar year

Table 1 Risks of ionizing radiation exposure

Journal Year Findings

Spine [3] 2000 Women with scoliosis have
3x risk of breast CA due to spine X-rays

AJR [10] 2001 600 000 pediatric CT scans/year
will cause 500 cancer deaths

Lancet [6] 2004 700 of 124 000 cancers diagnosed
annually are due to diagnostic X-rays

BMJ [4] 2004 Low-dose radiation to the brain 
in infancy influences cognitive 
abilities in adulthood

AJR [9] 2005 Increased risk of breast cancer from
chest CTA for pulmonary embolism

NAS [1] 2005 BEIR VII reports indicate a dose of
10 mSv caused a 1 in 1000 risk of cancer



Although 2-D fluoroscopy typically is used at low res-
olution to visualize contrast arrival and thus signal the re-
quirement to initiate the 3-D scan, the same approach
(usually at higher resolution) can be used to generate di-
agnostic quality 2-D angiograms, an approach referred to
as MRDSA [22]. This approach is useful for visualization
of the infrapopliteal arteries in patients with peripheral
vascular disease prior to a two- or three-station peripheral
MRA, and for demonstrating transit times through the
different stations of a multilocation peripheral MRA. A
low-dose time-resolved MRA serves as a test bolus for
optimal tailoring of the 3-D scan duration and central k-
space timing for each station of the bolus chase acquisi-
tion. High-speed 2-D projection MRA has also been used
at very high temporal resolution to image coronary arte-
ries [23]. Since the contrast dose required for time-re-
solved MRA is low (typically 6 ml), an approach similar
to DSA, where the acquisition can be repeated multiple
times, can be used.

Why is intravenous contrast agent injection 
important?

As MR angiography can be performed utilizing black
blood techniques (which rely upon blood flow to elimi-
nate intravascular signal) and bright blood techniques
(time-of-flight, phase contrast and steady-state free pre-
cession), it begs the question, why use intravenous con-
trast? Although the physical basis of these techniques is
well understood, and despite satisfactory validation for at
least some clinical indications, the techniques are sensi-
tive to flow effects, in-plane saturation and field inhomo-
geneity. Also, scan times are long and even when per-
formed with meticulous technique in a co-operative pa-
tient, images are prone to artefacts and thus they have had
a limited impact on clinical practice for many vascular
territories. On the other hand, contrast-enhanced MRA is
fast, avoids saturation effects, is flow-independent and
offers substantially higher spatial and temporal resolution
compared to non-contrast techniques [24]. Contrast-en-
hanced MRA builds on the time-honoured technique of
injecting contrast in order to opacify a vessel and portrays
images in a familiar format easily understood by referring
physicians for clinical decision-making. Intravascular sig-
nal depends on exogenous (e.g. gadolinium-based) rather
than endogenous (e.g. time-of-flight effect) contrast
mechanisms. One huge advantage of contrast-enhanced
MRA is that the usual loss of SNR from faster scanning
with most MR pulse sequences can be compensated for
by injecting the same dose of contrast faster over a short-
er scan duration. In this way, faster scanning can attain
higher-quality images with less motion artefact. Faster in-
jections are becoming easier to perform with higher re-
laxivity contrast agents (e.g. Vasovist) and more concen-
trated contrast agents (e.g. 1.0 M agent, Gadovist).
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In the majority of vascular territories (e.g. renal, me-
senteric, coronary, carotid and peripheral vasculature)
mural calcification degrades CTA image quality. The
signal void of calcium on all MR sequences is another
advantage of MRA over CTA, as the presence of mural
calcium does not impair visualization of the lumen. Oc-
casionally, this advantage may be outweighed by the re-
quirement to visualize calcium remote from the contrast-
enhanced lumen, e.g. in patients with abdominal aortic
aneurysms or densely calcified iliac arteries which may
interfere with stent graft deployment.

Although the relative merits and demerits of calcium
visualization within the wall on CT and MR can be dis-
puted, there is little doubt that MR is the most likely po-
tential imaging candidate to visualize the different com-
ponents of plaque within the wall, in particular “unsta-
ble” plaque that may be at risk of intraplaque haemor-
rhage. Currently, multi-contrast MR at isotropic high
spatial resolution (200 µm) shows promise, and both
standard and targeted contrast agents can provide addi-
tional information about plaque composition.

Another method for improving the quality of an-
giograms is by performing multiple acquisitions in rapid
succession to facilitate visualization of different vessels
within the region of interest. Multiple acquisitions for
time-resolved imaging (analogous to the time-resolved
images produced by conventional angiography) can be
acquired without penalty for MRA to maximize depic-
tion of all segments. This also provides physiological in-
formation about the rate of blood flow through the arte-
ries of interest and gives an indication of end-organ per-
fusion.

Currently, CTA may offer a speed advantage over
MRA when acquiring a single dataset. However, differ-
ences in the manner in which MR data are acquired and
reconstructed offer great flexibility and can be exploited
to improve MRA image quality, highlight different phas-
es and generate time-resolved images. Specifically, arte-
rial phase images can be acquired at high resolution us-
ing a scan duration that greatly exceeds the arteriove-
nous transit time provided central k-space data are ac-
quired during the arterial peak and prior to onset of ve-
nous enhancement. This feature is optimally exploited in
association with fluoroscopic bolus detection (MR fluo-
roscopy), where visualization of contrast agents in real
time allows for perfect contrast agent bolus timing. The
unique features of k-space also allow updating of differ-
ent portions of k-space during successive acquisitions.
Using this approach, images with both high temporal and
high spatial resolution can be acquired using keyhole, k-t
Blast, TRICKS, radial or spiral approaches [11-21]. Im-
proved temporal and spatial resolution utilizing a combi-
nation of improved gradient speed, novel k-space filling
approaches, parallel imaging, undersampling and sliding
window reconstruction is sometimes referred to as 4-D
imaging.



With contrast MRA, the lag between arterial enhance-
ment and onset of venous enhancement (the arteriove-
nous window) offers an opportunity for arterial phase
imaging that shows only the arteries. When this selective
arterial phase is too short, simple additional manoeuvers
such as thigh compression with tourniquets inflated to a
pressure intermediate between arterial and venous (e.g.
60 mm Hg) delays onset of venous enhancement in the
last station of a single-injection, multistation peripheral
or whole-body MRA. This can compensate for the fact
that acquisition speed is still too slow to keep up with the
bolus, and eliminates venous enhancement within the
legs, one of the last remaining hurdles to routine imple-
mentation of peripheral and whole-body CE-MRA into
clinical practice.

MR combines information from multiple sequences

A further benefit of MRA relates to the plethora of imag-
ing approaches that can be used to supplement angio-
graphic images. For example in renal MRA, an initial
breath-hold single-shot fast spin echo T2-weighted se-
quence demonstrates the kidney and adrenal outlines, the
size and presence of cysts or masses and the location of
the aorta. In- and out-of-phase gradient echo imaging
characterizes any adrenal masses that show signal drop-
off on out-of-phase imaging as adenomas. Then a high-
resolution contrast-enhanced 3-D MRA depicts arterial
luminal anatomy, followed by venous anatomy in a sub-
sequent acquisition and the ability to assess symmetry of
renal perfusion and to infer renal function on equilibrium
phase images. Alternatively, rapid repetition of the MRA
or use of an interleaved sequence can yield enhancement
curves for cortex, medulla and collecting system for as-
sessment of Gd transit from glomeruli to tubules analo-
gous to a renal scan. Finally, 3-D phase-contrast MRA
can depict the significance of stenoses: complete signal
drop-out in the region of the stenosis on 3-D PC MRA
indicates a significant stenosis with a pressure gradient
[25]. Another use of phase-contrast MRA, a 2-D cardiac-
triggered cine PC MRA, can measure the blood flow to
each kidney directly and also show flow waveform
changes that demonstrate haemodynamic significance. In
theory, the gadolinium clearance rate can be measured
for each kidney [26]. All told, MR may image the kid-
neys with a half dozen sequences allowing assessment of
both anatomical and functional aspects relevant to renal
vascular disease.

An all-in-one approach within the brain offers unique
information that can be gleaned only from MRI. Standard
spin- and gradient-echo brain imaging, diffusion and perfu-
sion imaging, time-of-flight MRA and contrast-enhanced
MRA of the head and neck arteries are possible within an
acceptable time slot (<30 min) for comprehensive evalua-
tion of cerebrovascular disease. This will be increasingly

important if thrombolytic therapy in acute stroke becomes
established in widespread clinical practice.

Although MR protocols are typically organized by or-
gan system, many diseases affect more than one organ or
region of the body. Extended FOV imaging allows ex-
tension of imaging beyond the normal anatomical
boundaries of individual organs and beyond the tradi-
tional constraints of a single MR scanner field of view.
Ruehm et al. first reported imaging from base of skull to
the pedal arch within a 72-s acquisition [27]. Schoenberg
et al. reported a comprehensive evaluation in diabetic pa-
tients including intracerebral 3-D time-of-flight MRA for
microvascular disease, total body Gd:MRA for large-
vessel atherosclerosis, high-resolution post Gd T1 fat
saturation of any ulcerating pedal lesions for osteomyeli-
tis and finally viability imaging of the heart to detect de-
layed enhancement from myocardial infarction [28].

Other cardiovascular diseases that can benefit from
imaging multiple organs or the whole body without con-
cern for radiation exposure include atherosclerosis, vas-
culitis (e.g. Kawasaki’s disease, Takayasu’s arteritis or
giant cell arteritis) and thrombo-embolic disease. The
combination of pulmonary MRA and MR venography of
the abdomen, pelvis and lower extremities is an alterna-
tive to the current pattern of pulmonary CTA and CT ve-
nography, especially for young patients and female pa-
tients who wish to avoid irradiation of breast tissue.
Comprehensive evaluation of the pulmonary arteries
along with evaluation of cardiac chamber morphology
and function is also possible and useful in patients with
pulmonary hypertension [29].

What is the role for blood-pool agents?

Considering the enormous success of extracellular con-
trast agents for CE-MRA, what is likely to be the role for
blood pool agents? The answer probably lies in the key
question: can blood-pool agents be used in first pass with
equal effect? As the answer appears to be yes, this sug-
gests that blood-pool agents can be used instead of the
current extracellular agents for first-pass arterial imag-
ing. The crucial advantage of blood-pool agents, namely
the presence of persistent high intravascular enhance-
ment significantly greater than with extracellular agents
can be exploited to acquire additional high-resolution
images in the steady state. It is proposed that the combi-
nation of first-pass arterial phase imaging with delayed
steady-state imaging offers substantial benefit in clinical
practice.

Venous mapping, e.g. in patients with recurrent ve-
nous thromboses and in patients likely to require long-
term venous access, will benefit from these agents. De-
tection of pulmonary embolism may similarly benefit. A
preferable approach might be to perform an initial evalu-
ation of both lungs on first-pass or at equilibrium and to

B6



B7

supplement this information with extremely high-resolu-
tion images targeted to a particular segment during mul-
tiple repeat breath-hold acquisitions. Although both arte-
ries and veins will enhance equally, selective arterial im-
aging is not a current goal of high-resolution pulmonary
MRA due to the short arteriovenous transit time and re-
gardless of whether extracellular or blood-pool contrast
agent is used, arteries will be differentiated from veins
by tracing them back to a central, easily identifiable
proximal pulmonary artery.

Another obvious role for blood-pool agents lies in
supplementing arterial phase images in patients with sus-
pected or known vascular malformations with equilibri-
um phase images that will depict the full extent of all
vascular anatomy to maximal effect.

Blood-pool agents also open up entirely new opportu-
nities for investigating vascular conditions not easily
studied with conventional agents. For example, Hilfiker
et al. have demonstrated that surgically induced GI bleed-
ing can be detected several hours after injection of blood-
pool agents as the agent leaks into the bowel lumen [30].
This approach, similar in philosophy to a labelled red cell
study, offers the advantage of higher resolution without
any radiation risk. It shares the disadvantage that only the
presence of bleeding, but not the exact source (which
must be inferred from location of contrast agent within
the bowel) can be identified. Similarly, detection of the
source of bleeding in patients with haemoptysis, particu-
larly those with bronchiectasis affecting many segments
within one or both lungs, might be identified using a sim-

ilar approach. Endovascular leak post-aortic aneurysm
stent-graft repair can be detected by many imaging meth-
ods; however, subtle leaks will potentially be optimally
detected with blood pool agent imaging [31].

Summary

MRA continues to expand rapidly and is ideally suited to
imaging the growing burden of vascular disease on west-
ern society which requires improved and novel methods
for non-invasive road-mapping and assessment of
haemodynamic significance. Optimal MRA image quali-
ty with high temporal and spatial resolution can current-
ly only be achieved using contrast agents. Blood-pool
contrast agents are the first contrast agents targeted to a
vascular indication and open up new horizons to improve
image quality and answer clinical questions which can-
not be addressed with conventional MR contrast agents.
Safe, accurate mapping of vascular anatomy with MRA
offers the opportunity to detect vascular disease rapidly
and early in the course of the disease, while there is time
to salvage end-organ function. It gives both anatomical
and functional information and can image multiple fields
of view for a more comprehensive assessment of system-
ic vascular disease.

Acknowledgements. The authors gratefully acknowledge the ex-
tensive contributions of Dr. Honglei Zhang. Dr. Prince has patent
agreements with Siemens, Philips, Topspins, Bracco, Epix, Berlex,
Schering, Medrad and Mallinckrodt.

References

1. BEIR (2005) Health risks from expo-
sure to low levels of ionizing radiation:
BEIR VII – Phase 2: Nat Acad Sci

2. Janower ML, Linton OW (1996) Radi-
ation risk: a primer. Reston, VA: Am
Coll Radiol

3. Morin Doody M, Lonstein JE, Stovall
M, Hacker DG, Luckyanov N, Land
CE (2000) Breast cancer mortality af-
ter diagnostic radiography: findings
from the US Scoliosis Cohort Study.
Spine 25:2052-2063

4. Hall P, Adami HO, Trichopoulos D et
al. (2004) Effect of low doses of ionis-
ing radiation in infancy on cognitive
function in adulthood: Swedish popu-
lation-based cohort study. BMJ 328:19

5. FDA (2002) FDA public health notifi-
cation: reducing radiation risk from
computed tomography for pediatric
and small adult patients. Pediatr Radiol
32:314-316

6. Brenner DJ, Hall EJ (2004) Risk of
cancer from diagnostic X-rays. Lancet
363:2192

7. Correia MJ, Hellies A, Andreassi MG,
Ghelarducci B, Picano E (2005) Lack

of radiological awareness among
physicians working in a tertiary-care
cardiological centre. Int J Cardiol
103:307-311

8. Rehani MM, Ortiz-Lopez P (2005) Ra-
diation effects in fluoroscopically guid-
ed cardiac interventions—keeping
them under control. Int J Cardiol

9. Parker MS, Hui FK, Camacho MA,
Chung JK, Broga DW, Sethi NN (2005)
Female breast radiation exposure dur-
ing CT pulmonary angiography. AJR
185:1228-1233

10. Brenner D, Elliston C, Hall E, Berdon
W (2001) Estimated risks of radiation-
induced fatal cancer from pediatric CT.
AJR 176:289-296

11. Tsao J, Boesinger P, Pruessman KP
(2003) k-t BLAST and k-t Sense: dy-
namic MRI with high frame rate ex-
ploiting spatiotemporal correlations.
Magn Reson Med 50:1031-1043

12. Jahnke C, Paetsch I, Schnackenburg B
et al. (2004) Comparison of radial and
Cartesian imaging techniques for MR
coronary angiography. J Cardiovasc
Magn Reson 6:865-875

13. Katoh M, Spuentrup E, Stuber M,
Hoogeveen R, Gunther RW, Buecker A
(2005) Free-breathing renal magnetic
resonance angiography with steady-
state free-precession and slab-selective
spin inversion combined with radial k-
space sampling and water-selective ex-
citation. Magn Reson Med 53:1228-
1233

14. Du J, Carroll TJ, Wagner HJ et al.
(2002) Time-resolved, undersampled
projection reconstruction imaging for
high-resolution CE-MRA of the distal
runoff vessels. Magn Reson Med
48:516-522

15. Amann M, Bock M, Floemer F,
Schoenberg SO, Schad LR (2002)
Three-dimensional spiral MR imaging:
application to renal multiphase con-
trast-enhanced angiography. Magn Re-
son Med 48:290-296

16. Bornert P, Stuber M, Botnar RM,
Kissinger KV, Manning WJ (2002)
Comparison of fat suppression strate-
gies in 3D spiral coronary magnetic
resonance angiography. J Magn Reson
Imaging 15:462-466



B8

17. Swan JS, Carroll TJ, Kennell TW et al.
(2002) Time-resolved three-dimension-
al contrast-enhanced MR angiography
of the peripheral vessels. Radiology
225:43-52

18. Wieben O, Grist TM, Hany TF et al.
(2004) Time-resolved 3D MR angiog-
raphy of the abdomen with a real-time
system. Magn Reson Med 52:921-926

19. Wu Y, Goodrich KC, Buswell HR,
Katzman GL, Parker DL (2004) High-
resolution time-resolved contrast-en-
hanced 3D MRA by combining
SENSE with keyhole and SLAM stra-
tegies. Magn Reson Imaging 22:1161-
1168

20. Yang PC, Meyer CH, Terashima M et
al. (2003) Spiral magnetic resonance
coronary angiography with rapid real-
time localization. J Am Coll Cardiol
2:7

21. Zhu H, Buck DG, Zhang Z et al.
(2004) High temporal and spatial reso-
lution 4D MRA using spiral data sam-
pling and sliding window reconstruc-
tion. Magn Reson Med 52:14-18

22. Wang Y, Johnston DL, Breen JF et al.
(1996) Dynamic MR digital subtrac-
tion angiography using contrast en-
hancement, fast data acquisition, and
complex subtraction. Magn Reson Med
36:551-556

23. Green JD, Schirf BE, Omary RA, Mc-
Carthy RM, Carr JC, Li D (2004) Pro-
jection imaging of the right coronary
artery with an intravenous injection of
contrast agent. Magn Reson Med
52:699-703

24. Prince MR, Grist TM, Debatin JF
(2003) 3D contrast MR angiography
(3rd ed). Springer, Berlin Heidelberg
New York

25. Mustert BR, Williams DM, Prince MR
(1998) In vitro model of arterial steno-
sis: correlation of MR signal dephasing
and trans-stenotic pressure gradients.
Magn Reson Imaging 16:301-310

26. Niendorf ER, Grist TM, Lee FT, Brazy
PC, Santyr GE (1998) Rapid in vivo
measurement of single-kidney extrac-
tion fraction and glomerular filtration
rate with MR imaging. Radiology 206

27. Ruehm SG, Goyen M, Barkhausen J et
al. (2001) Rapid magnetic resonance
angiography for detection of athero-
sclerosis. Lancet 357:1086-1091

28. Schoenberg SO, Wagner S, Kramer
HK, Rieger J, Kessler S, Reiser MF
(2005) Comprehensive diabetes imag-
ing using whole body MRI. In: 17th
MRA Workshop. Beijing, China, p 195

29. Prince MR, Alderson PO, Sostman HD
(2004) Chronic pulmonary embolism:
combining MR angiography with func-
tional assessment. Radiology 232:325-
326

30. Hilfiker PR, Weishaupt D, Kacl GM et
al. (1999) Comparison of three dimen-
sional magnetic resonance imaging in
conjunction with a blood pool contrast
agent and nuclear scintigraphy for the
detection of experimentally induced
gastrointestinal bleeding. Gut 45:581-
587

31. Ersoy H, Jacobs P, Kent CK, Prince
MR (2004) Blood pool MR angiogra-
phy of aortic stent-graft endoleak. AJR
182:1181-1186


