
M R angiography is a promising
method for noninvasive imaging of
peripheral vascular disease. Two

dimensional (2D) time-of-flight (TOF) MR an
giography is the most common technique used

for evaluation of the pelvic and infrainguinal
arteries [11. This pictorial essay presents pit
falls and artifacts that may be encountered dur

ing clinical MR angiography of the lower
extremities. Knowledge of these imaging find
ings is essential for accurate interpretation of
peripheral 2D TOF MR angiography.

MR imaging was performed in a l.5-T
Signa scanner (General Electric Medical
Systems, Milwaukee, WI). The 2D TOF MR
angiograms were acquired in the axial plane
in standard body, head, or extremity coils
with a spoiled gradient-recalledpulse se
quence and flip angles of 45Â°for the pelvis
and 600 for the extremities. The slice thick
ness was 2.9 mm and field of view was 32
cm in the body coil; 2.0 mm and 22 cm, re
spectively, in the head coil; and 2.0 mm and
16cm, respectively, in the extremity coil. Im
aging parameters were TR range/TE range,
29â€”32/6.7â€”7.1; first-order gradient moment

nulling (flow compensation); tracking infe
nor saturation (usually 20 mm below the
slice); 256 x 128 matrix; one excitation; and
phase encoding from anterior to posterior.
Three-dimensional sequences were acquired
in the body coil using a fast spoiled gradient

recalled or spoiled gradient-recalled pulse se
quence; 45_600 flip angle; TR rangeiTE range,
10.6â€”32/2.1â€”6.9;28â€”60partitions, 2â€”2.5mm
thick; 36-cm field of view; 256 x 128-256 ma
trix; one excitation; and dynamic gadolinium
enhancement in all cases [2J.

Signal loss in a patent vessel from satura

tion of in-plane flow is one of the most com
mon pitfalls in 2D TOF MR angiography.
When the path of a vesselcausesblood to re

Fig.1.â€”Signalloss due to in
planeflowsaturationat origin
of anteriortibial artery in 76-
year-oldwomanwith painat
rest.
A. Coronalreformattedtwo
dimensionaltime-of-flight MR
angiogram shows severe on
gin stenosis (straight arrow)
andsecondproximalstenosis
(curved arrow) within right
anterior tibial artery. Faint
venoussignalis seen medial
to popliteal artery.
B, Digitalsubtraction angio
gramshowssinglemoderate
stenosis(arrow) at originof
anterior tibial artery. No
stenosisispresentinproximal
portion of vessel.

main in the imaging slice for a sufficient time,
progressivesignallossresultsbecauseof sat
uration of the vascularspins by the same
pulses that saturate signal from the stationary
background tissues. This loss of signal may
simulate an occlusion or stenosis. Saturation
of in-planeflow occurstypically in two ana
tomic areas: tortuousiliac arteriesand the
proximal anterior tibial artery (Fig. 1). Signal
loss is accentuatedby the maximum-inten
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Pictorial Essay

Two-Dimensional Time-of-Flight MR Angiography of
the Lower Extremities: Artifacts and Pitfalls
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Kaufman et al.

Fig.2.â€”Signallossduetoturbulenceandslowflowin71-year-oldmanwith
knownleftpoplitealarteryaneurysm.
A.Coronalmaximumintensityprojectionoftwo-dimensionaltime-of-flightMRan
giogramofleft upperleg.Notelossofsignal (arrow)within aneurysm,which could
be causedbysaturationof slowflow,intravoxelphasedispersiondueto turbu
lence,orthrombosisofaneurysm.
B,Conventionalcontrast angiogramshowsthat aneurysm(arrow)is patent

Fig.3.â€”Saturationofretrogradeflowdistaltosuperficialfemoralar
tery occlusion in 65-year-oldman.
A,Coronalmaximumintensityprojectionoftwo-dimensionaltime-of
flight MR angiogramof thigh in patient with claudication. Note signal
loss(arrows)overdistanceof6cmindistalsuperficialfemoralartery.
B,Conventionalcontrast-enhancedangiogramrevealsapproximately
1-cm occlusion. Vessel distal to occlusion is reconstituted in retro
gradefashionbyhypertrophiedmuscularbranchesfromsuperficial
femoralartery.

Fig.4.â€”Impactof saturation band dis
tancefromimagingslicein 58-year-old
manwithclaudication.
A,Coronalmaximumintensityprojection
oftwo-dimensional time-of-flight MRan
giogram of calves. Saturation gap is set
at 20 mmbelowimagingslice.Noteex
tensive and confusingvisualizationof
veins (arrows).
B,Coronalmaximumintensityprojectionof
two-dimensionaltime-of-flight MR angio
gramrepeatedwithsaturationgapsetat5
mmbelowimagingsliceshowsthatsatu
rationof venoussignalis improved.
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MR Angiography of the Lower Extremities

Fig.5.â€”Diminishedsignalfromflowinhealthyvessels
relative to diseased vessels in 53-year-oldman with
right-sided claudication.
A, Coronalmaximumintensityprojectionof two-di
mensionaltime-of-flight MRangiogramof pelvis.Note
severefocal,commoniliac arterystenosison right
(straightarrow). Signalin left iliac arteries(curved
arrows) is diminishedin comparisonwith right,al
though patientwas known to have normal findings of
noninvasive studies on left.
B,Conventionalcontrast angiogramshows moderate
stenosisof right commoniliac artery(arrow)and
healthyiliacarteriesonleft.Overestimationof sever
ity of stenoses is characteristic of unenhanced MR
angiography;gradient acrossthis lesion measured30
mm Hg at rest and patient's symptomsresolved after
angioplasty.
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Fig.6.â€”Pulsatilityartifactsinphase-encodingdirectionintwo-dimensional(2D)time-of-flight(TOF)MRan
giogramof popliteal artery in healthyvolunteer.
A,Coronalmaximumintensityprojection(MIP)of2DTOFMRangiogramwithphaseencodinginrighttoleft
direction. Note prominentghostingartifacts adjacent to run-off arteries causedby pulsatility.
B,Axial2DTOFsource imagewithphase encodinginrightto leftdirection.Ghostingartifacts(arrows)are
distributed from right to left.
C.CoronalMIPof2DTOFMRangiogramwithphaseencodinginanteroposteriordirection.Noghostingar
tifact is seen in this projection.
D, Axial 2D TOFsource image with phase encoding in anteroposterior direction. Note ghosting artifacts
(arrows) are presentbut were not visible on coronal MIR
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Fig.7.â€”Importanceofcarefulpatientpositioningis indicatedin58-year-oldwomanwithleftcalfclaudication.
A,Coronalmaximumintensityprojection(MIP)oftwo-dimensionaltime-of-flightMRangiogramofleftthigh(obtainedinbodycoil).Visibleonloweredgeofimageistop
of stenosis (arrow) in left above-kneepopliteal artery.
B,CoronalMIPofnextstationinrunoff(obtainedinheadcoil).Leftpoplitealarteryis normal,suggestinglackofadequateoverlapwithpreviousimage.
C,Furthertwo-dimensionaltime-of-flightMRangiogramofpoplitealarteries.Focal,severe leftpoplitealarterystenosis (arrow)is clearlyrevealedon coronalMIRSignal
lossatoriginofanteriortibialarteryiscausedbyin-planeflow.
0, Conventionalcontrastangiogramconfirmingleftpoplitealarterystenosis(arrow).

Fig. 8.â€”MR angiogram of pelvis of 77-year-old man with prior repair of abdominal aortic aneurysm.

A,Coronalmaximumintensityprojection(MIP)oftwo-dimensional(2D)time-of-flight(TOF)MRangiogramofpeMs.Faintareaofincreasedsignalirttensity(anow)ispreseritinmidpelvis.
B,Axialslicefrom2DTOFMRangiogramshowslobulatedstructure(arrow)withfaintsignalintensityposteriorto graft.
C,CoronalMIPfromgadolinium-enhancedthree-dimensionalMRangiogramshowsthatstructureis largeaneurysm(openarrowI.Alsonotesmallrightdistalanastomotic
pseudoaneurysm(solid arrow). Neither aneurysmwas well seen on 2DTOFMR angiogrambecauseof saturation of flow and phasedispersion.
D,ObliqueMIPof gadolinium-enhancedthree-dimensionalMRangiogramshowsthatlargeaneurysm(openarrow)originatesfromleftcommoniliacarterybifurcation,
suppliedbyretrogradeflowfromleftexternaliliacartery(straightsolidarrow),withoutflowvialeftinternaliliacartery(curvedarrow).Graftisanteriorto nativevessels.
Distal anastomosesof aortofemoralgraft are constructed in â€œ¿�onlayâ€•fashion to allow retrograde perfusionof pelvic vessels.
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MRAngiographyof the LowerExtremities

Fig.9.â€”Signallossduetometalsusceptibilityartifactinrightthighof71-year-oldwomanwithfemoropoplitealsaphenousveinbypassgraftandbilateralhipprostheses.
A,Coronalmaximumintensityprojectionoftwo-dimensionaltime-of-flightMRangiogramofrightthighshowssignallossinproximalgraftandatmultiplepointsingraft.
Graft had excellent flow on noninvasivestudies.
B,Axialsourceimagefromtwo-dimensionaltime-of-flightMRangiogramshowslargesusceptibilityartifacts(arrows)fromhipprostheses.
C,Axial source imagefrom right thigh shows loss of signal dueto susceptibility artifact from surgical clip (arrow) adjacent to graft.
D,Digital subtraction angiogramof right thigh reveals patent graft, hip prosthesis,andsurgical clip (arrow) adjacent to graft. Additional clips were visible in obliqueview
(not shown).

Fig.10.â€”Signallossduetosusceptibilityartifactfrombowelgasin73-year-oldmanwithaortobiiliacgraft.
A,Coronalmaximumintensityprojectionoftwo-dimensionaltime-of-flightMRangiogramofpelvis.Focalsignallossispresentinrightexternaliliacartery(arrow)below
distal anastomosis.Patienthad normal right femoral pulse;signal losswas initially believedto be most likely causedby surgical clips.
B,Conventionalcontrastangiogramofpelvisrevealspatentrightexternaliliacartery(arrow).Nosurgicalclipsarearoundvesseltoexplainsignalloss.
C,Coronalspoiledgradient-recalledscoutimageobtainedattimeofMRangiogram.Air-filledbowel(arrow)inrightlowerquadrantcausedsusceptibilityartifact.
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Flow distal to stenoses is frequently
brighter and the vessels appear larger than in
corresponding normal vessels (Fig. 5). First
order flow compensation corrects optimally

for flow at a constant velocity such as that
seen distal to occlusive disease. Normal pul
satile flow is subject to signal loss because of

variability in the velocity and acceleration of

blood during the cardiac cycle. As a result,

vessels that appear to have poor signal inten

sity may be normal; correlation with physical
examination and noninvasive studies is es
sential. Cardiac gating with imaging during

diastole will minimize this artifact but in
creases the length of the examination 5].

Pulsatile flow can cause ghosting artifacts
in the phase-encoding direction. The wide
range of velocities that occurs in pulsatile
flow induces phase variations in addition to
the phase (spatial) encoding that results in
multiple images of the same vessel (Fig. 6).
An important technical point in lower ex
tremity 2D TOF MR angiography is to orient
the phase encoding in the anteroposterior di
rection. If severe ghosting artifacts are seen,
the best MIP reprojection will be the direct
anterior (coronal) view because the artifact

will be invisible from this perspective. Car
diac gating, smaller flip angles, or careful im
age postprocessing can reduce this artifact.

Patient positioning during MR angiogra
phy requires the same care as during conven
tional angiography. Lack of overlap between
imaging stations may result in failure to diag
nose a focal stenosis (Fig. 7).

Knowledge of prior vascular surgery is es
sential for correct performance and interpreta

tion of MR angiography in postoperative

patients. Grafts may be located in places that
normally do not contain major mn-off arteries,

such as cross-femoral or axillofemoral grafts.
These so-called extraanatomic grafts may re
quire careful application of additional se

quences to be imaged completely. Similarly,
flow may be reversed in certain vessels as a
consequence of a bypass procedure (Fig. 8).
Gadolinium-enhanced three-dimensional MR
angiography is useful in these situations.

Variable degrees of signal loss can be

caused by ferromagnetic vascular clips, joint

prostheses, or foreign bodies (Fig. 9). Signal

loss due to metal artifact cannot be reliably

detected on MIP images. Patient history plus
inspection of the 2D TOF source images and
radiographs are required. Signal loss due to
susceptibility artifact also can occur at tis

sueâ€”gasinterfaces such as when bowel loops
overlie an iliac artery (Fig. 10). Review of
the axial slices and the localizer images may

Fig.11.â€”Brightsignalfromhematomaontwo-dimensionaltime-of-flightMRangiogramof61-year-oldwoman
who underwent coronary angiography 2 days before MR angiography.
A,AxialsourceimageslicefromMRangiogramrevealshigh-signal-intensitycollectionanteriortofemoralyes
sels on right (arrow, site of arterial puncture),which could represent either pseudoaneurysmor hematoma.
B,Absenceofflowincollection(arrow)oncolor-flowduplexscanobtainedimmediatelyafterMRangiogramis
consistentwith hematoma.

sity-projection (MIP) process, which does not

distinguish between faint vascular signal and
background signal 13). Strategies to overcome
this problem include examination of the axial
images. cardiac gating, segmented acquisi
tions, and contrast enhancement [4, 5j.

Signal loss also occurs when flow is tur
bulent, such as distal to stenoses and bifur
cations, or within aneurysms (Fig. 2).
Because of complex flow in these areas, the
velocities (and thus phases of the spins) of
blood vary greatly from voxel to voxel,
which results in loss of vascular signal (in

travoxel phase dispersion) [5]. This phenom

enon contributes to the overestimation of the
severity of stenoses that is typical of unen
hanced MR angiography. MIP algorithms
intensify the apparent signal loss by ignoring

the faint signal in these vessel segments [61.
In questionable cases, gadolinium-enhanced
three-dimensional MR angiography is useful
because it is not susceptible to intravoxel
phase dispersion [2J.

A tracking inferior saturation band is nec

essary in 2D TOF MR angiography of the
lower extremities to eliminate unwanted sig
nal from the veins. However, if arterial flow
passes through the saturation band before

entering the imaging slice, it will also be

come saturated. This problem is common in
the pelvis, where the iliac arteries can be
quite tortuous. Peripheral artery occlusions
may appear longer on 2D TOF MR angiog
raphy than with conventional angiography

because retrograde flow in collateral vessels
or the reconstituted vessel itself may be satu
rated by the inferior saturation band (Fig. 3).

Arterial flow in normal peripheral vessels
is characteristically triphasic with a brief pe
riod of retrograde flow in early diastole [7].
Therefore. the tracking inferior saturation
band is usually placed 20 mm below the im
aging slice to suppress venous signal but not
signal from arterial flow. Occasionally, slow

venous flow remains visible when the satura
tion band is placed at this distance because of

recovery of longitudinal magnetization by the
venous spins before they enter the imaging
slice [8]. In this situation we repeat the se
quences with the saturation gap reduced to 5
mm (Fig. 4).

Fig.12.â€”Visualizationofretrogradevenousflowintwo
dimensionaltime-of-flightMR angiogramof 62-year-old
manwith claudication.Coronalmaximumintensitypro
jection shows largevascularstructure (straightarrow)
crossingdistal aorta. Structure is retroaortic left renal
vein (confirmedon axialsource images).Flowin vein is
seen becauseflow is craniocaudal(samedirection as
aorta); therefore, signal is not suppressedby inferior
tracking saturationband.After vein joins inferior vena
cava, flow becomescaudocranial,and signal is satu
rated(curvedarrow).
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MRAngiÃ graphyof the LowerExtremities

identify this artifact as the cause of unex

pected signal loss.
Not all bright signal in 2D TOF MR an

giography represents flow. Substances with
short TI relaxation times also appearbrighter
than the background because they are not as
readily suppressed by the repeated RF
pulses. Signal from recent hemorrhage may
be difficult to distinguish from the weak sig

nal of flow within an aneurysm (Fig. 11). An
other imaging procedure may be required to

make this distinction.
Unexpected normal vascular variants and

pathologic conditions may be identified on

MR angiograms. Venous structures that nor
mally contain flow in a direction opposite to
the inferior vena cava, such as a retroaortic
left renal vein (Fig. 12), are not suppressed

by the inferior saturation band. Venous struc
tures containing pathologically reversed flow,

such as inferior epigastric veins in portal hy

pertension, also may be visualized.

Patient motion during MR imaging can se
riously degrade the quality of source and
MIP images (Fig. 13). Background signal is
increased and vascular signal is decreased.

Motion artifactcan simulatethe appearance
of signal loss from a stenosis on MIP images
if the motion occurs during acquisition of a
single slice. Examination of the source image
may identify the artifact, but repetition of the
acquisition may be necessary for adequate
evaluation of the vessels.

MR angiographic techniques image flow
rather than the structure of vessels. As with
conventional angiography, the size of aneu
rysms can be greatly underestimated if chronic
mural thrombus fills the sac and maintains the
lumen at a nearly normal diameter (Fig. 14).
Inspection of the source slices is necessary
whenever aneurysmal disease is suspected.

Two-dimensional TOF MR angiography is

a powerful technique for vascular imaging of
thelowerextremityarteriesbutisnotwithout
potential pitfalls and artifacts.
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Fig.13.â€”Motionartifactintwo-dimensionaltime-of-flightMRangiogramof14-year-oldboywithsuspected
popliteal artery entrapment.
A,CoronalmaximumintensityprojectionofMRangiogramofpoplitealarteriesduringstressmaneuvershows
jagged vessel contours (arrow) due to motion and areas of increased signal intensity in backgroundtissues.
Studywas uninterpretable,evenwith review of source images.
B,CoronalmaximumintensityprojectionofsamesequenceasinAwithcarefulpaddingoflegstopreventmotion
during stress maneuvershows normalpopliteal arteries (highanterior tibial artery origin on right (arrow] is nor
malvariant).

Fig.14â€”75-year-oldmanwithclaudicationandunsuspectedabdominalaorticaneurysm.
A,Coronalmaximumintensityprojectionoftwo-dimensionaltime-of-flightMRangiogramofaortaandpelvisre
veals slight ectasia of aorta (2 cm in diameter)and moderateright commoniliac artery stenosis(arrow).
B,Axialslicefromtwo-dimensionaltime-of-flightMRangiogramrevealspresenceof4-cmabdominalaortican
eurysm(arrows) lined with mural thrombus.Evaluationof source imagesis keyto avoid missingimportantvas
cular abnormalities.
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