
INVESTIGACiÓN REVISTA MEXICANA DE FíSICA 4. (2) J77-IR9 ABRIL 2000

Determination of flow using half Fourier echo-planar MR imaging

A.O. Rodríguez-González
Departamefllo de Ingeniería Eléctrica, Universidad Autónoma Metropolitana-/ztapalapa

09340 México, D.F., Mexico.
e~mail: arog@xanum.1Ulnl.mx

Recibido el 15 de octubre de 1999; aceptado el 13 de enero de 2000

Since NMR was first discovered Ihere has been a great interest to study !low with this non-ínvasive technique. 1-Iowever, lhe only real-lime
~1R imaging scheme is still EPI (Echo-Planar Imaging). A !low encoded vcrsion of Echo-Planar Imaging which employs a Half Fourier
method lO sean the k-space ís described and then applied to mensure !low in VilfO. A water phantom consisting of a pipe wilh an inner
diameter of 2 cm was used lo carry out tho !low experiments. Details of Ihe velocity measllremenl tcchnique are outlined and quantitative
results are presented. 2D !low maps are also shown.

Kl')"I,'onls: Magnetic rcsonance imaging; !low determinatíon: echo-planar imaging

Desde el descuhrimiento de la RMN ha exístido un gran interés en estudiar el !lujo con esta técnica no destructiva. Sin embargo, la única
técnica imagenológica de resonancia magnética en tiempo real es hasta el momento la imagenología eco planar (Echo-Planar Imaging). En
este trabajo describimos una técnica sensible al !lujo que emplea un método parcial de Fourier para cubrir el espacio k, que posteriormente
se aplica para medir !lujo en vitro. Para realizar los experimentos de medición del !lujo empleamos una manguera de 2 cm de diámetro. Se
muestran los detalles de la técnica de medición de velocidad. además de los resultados cuantitativos. Mapas bidimensionales de flujo también
se exhiben.

D/:'scriplores: Imagenología por resonancia mngnética: determinación de !lujo: imagenología eco planar

PACS: 87.6J.Cd: 87.6J.Ff: 87.6J.Lh

1. Introduction

Flow qoanlilicalioo hy NMR dales hack lo 1946, when il was
discovered hy Bloeh [l-5J and Purcell [6-8], who quickly
realized Ihe potential of lhis leehnique lo study flow [9]. The
principies 01' magnctic resonance flow imaging were, first dc-
veloped hy E.L. Hahn [lO] and G. Suryan [l1J in 1950 and
1951, respectively. Thesc techniques are categorized as phase
,hin melhods and time-of-flight effeel modalilies.

Suryan demonstratcd that water tlowing through a MR
probe wiIl experience a signal-enhancing effect. This is due
to the apparenl TI 01"flowing water appearing different from
that 01' stationary water. This effect was observed as a rela-
tive increase in signal magnitude resulting from the in~now
of fresh, non-saturated, magnetization into the imaging re-
gion. This is lhe so.called in-llow or spin-refreshmenl ellect.
Hahn's spin echo method describes the manner oí" measuring
Ilow by applying a gradient to yield a phase shift 01' the signal
from moving spins. This phase 01' the moving spin is Iincarly
proportional to the velocity.

Generally, MR llow imaging modalities are based on ei-
Iher the change 01' position oí" the magnetization which hap-
pens when the spins move, or the change in the phase al" the
transverse component of the magnetization, induced by the
presence 01' a magnetic field gradient along the llow direclion.
A numbcr of reviews ol' NMR and llow have been puhlisheu
elsewhere [12-21J.

Thc most importanl characteristic of MR flow imaging is
its non-invasive property. It is also capahle of discriminating

between tlowing and motionless spins. permitting formation
of an image al' tlowing material in the presence of static ma-
terial of Ihe same Iype. Singer [18, 22-24J employed these
ideas lo Illcasure the flow of body fluids. He obtained both
tlow and non-tlow images so he could create a procedure lo
separale out flow from salid tissue.

Flow imaging by NMR is limited to measuring average
flow propertics over time, in contrast to ultrasound meth-
ods [25-33J, laser Doppler method [34J, capaeilanee 10-
mography [35] and eleetrieal impedanee tomography [36],
which measure instantaneous velocities. MRI tlow methods
are more suitable when the average behaviour is constant or
changes slowly comparcd to lhe time scale of the NMR ex-
periment. lt is particularly important to our study to focus
on the laminar flow in which average velocity is constant.
Blood llow in the ¡arge arteries is an example uf this type of
Ilow [37-52J. The dispersion of Ihe tagged spins can make
the gencration of quantitative data difficult. Time-of flight ef-
fecIs are further constraincd by the geometry al' the vessel
ami are more noticcable in straight vcssels than curved unes.
Thesc lcchniques are appropriate fur quantifying relativc ve-
locity and direction. Pelc's review [lí] contains relevant ref-
ercnces on this matter. Axel [53] and Bradley [19] have al so
revicwed thesc tcchniques. The second type ol' tlow effect
rises from the phase shift in Ihe transversc magnetizatiun.
This variation of the phase is produced when a magnctic hcld
gradicnt is applied 10 a moving fluid. In this case, il is pre-
sumed Ihat fluid in each pixel has a single well-defined veloc-
ity. Roughly, these imaging methods can he divided inlo two
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grnups: phasc mapping methods which mcasurc Ihe signal
phasc dirccliy [5-1,55], and Fouricr now proccdurcs which
lleco a numhcr of cncoding steps to separalc Ihe diffcrcnt ve-
locitics in a rarticul~u site [56,57]. An importanl incollvc-
n~cl1ccof lhe Fouricr methods is that Ihe flow magnitudc is
avcragcd ovcr Ihe acquisition time which may he as long as
.5 minutes, so any short lime changc in now can nOI he de-
lcclell. Firmin ano co-workcrs and othcrs [58-60} have stud.
icd in dClail Ihe hcncfits and limitations 01' thcsc imaging ap-
proachcs. To asscss now ayer a very short pcriod of lime, for
cxal11plc, in magnetic resonance angiography, fast tlow mea-
surCTllcnt Icchniqucs have becn developed (61-1211.

Finnin el al. [122], Debatin and co-workers [123]
ami Manslield's group al Thc Universily of Noltingham.
Brilain [70,77.124,125], have dcmonstralcd EPI's validily
ror vclOl.:ily mapping. Cinc and rhase contrast tcchniques
have heell introduccd. In one mcthod, {W() imagcs are ac-
quircd using two l1ow-encoding gradients of equal slrcnglh
hui oppositc polarity. Static spins are removed by calculat.
ing lhe rhase differcnce. lhen ol1ly Ihe moving spin rhase is
obtained [17, 19,53].

2. Flow imal(illg with half fOllrier echo-l'lallar
ilnaging

2. I. Echo-planar imaging

Echo Planar lmaging (EPI) wac; introduccd hy Peter Mans-
t¡eld in 1976 1126-128J and is a Irue snapshol lechnique
which cnablcs lhe formation of a complete imagc in 30-
100 I11S.Thc rapid natUfe of this tcchniquc is due lo lhe faet
Ih<1! ol1ly one Rr: cxcitation is needed per image. It thus al-
lows the acquisilion 01' a Iwo-dimensional illlage from only
one Free Induclion Deeay (FID).

Following lhe excilation 01'a slice, lhe signal is salllplcd
lIndcr the inllucnce of two orthogonal gradients (Fig. 1). A
gradicnl G r (.r-axis) is modulated rapidly 10gencratc a series
llf gradiclll ecllOcs. This forms the frequency eneoding part of
lhe expcrilllent.ln conjunction with Gx• another gradient Gy

(y-axis) is applied: Ihis gradient is eilher blipped or continu-
ous and performs lhe phase eneoding parl of the experimcnt.
This combination 01' gradients serves lo encode each point
in lhe image with a different degree 01' phase evolution bc-
lween cchoes and frequency during an echo. A train 01'phase
clKodcd cchoes is thus acquired. After some daLa manipula-
tion n:quired hecause 01' lhe effeel 01'evolution 01'sequential
echoes UluJerposilive and negalive rcad-oul gradicnt lohes. it
is possihle lo apply a 2D-FT (Bidimensional rourier Trans-
I"ol"ln)lo creale an ¡magc. Gcneration 01"a 128 x 128 image re.
quires lhe production of 128 gradienl echocs wilh each echo
hcing sampled using 128 data poinls.

EPI has lIndcrgone many modifications sincc ilS inlrodllc-
(ion in lt)76 1127). The original forms of EPI werc calIed
Douhlc Echo Planar Imaging (DEPI) and Fasl Lo\\! Anglc Ex-
cilalion Echo Planar Technique (FLEET) [130J, see (,ig. la.
DEPI is a two shOl experiment with Gy having posilive •.lOd

(h)
FIGURE 1. (a) Fast low.anglc cxcitalion echo-planar lechnique
IFLEET): tolal data acquisiliolllime = 64 ms. frame repelilion rate
nf IIp to 10 frames/s (h) BlippcJ echo-planm single-pulse techniquc
(BEST): IOtal dala (lequisition lime = 32 ms. frame repclilion rate
of up lo 20 frnmcs/s.

negativc slarting phasc in alternale shots. The data seIs are
corrected by splicing togclhcr all Ihe cchoes formcd in 10-
lally positive and (otalIy ncgalivc gradients. Two imagcs are
produccd. which ean he rc-regislcred and added lo yield a
improvemcnl in SNR. Flip angles 01'45° and 90° werc uscd
to minimizc lhe acquisilionlimc. Thcse lechniqucs originally
used a constant rhase encoding gradient.

Ljunggren 11311 tirsl proposcd rcplacing lhe conlinuous
phase encoding gradiclll by a hlippcd gradient: Gy hlips are
applied in lhe spaees hctwccn cchoes. The resuIting trajee-
lory through k-spacc is a s4uarc raster sean. Correction of the
time evolution can he achieved hy simply rcversing lhe dala
which makcs up cvcry altcrnate echo prior lo Fouricr Trans-
form (FT). Thc sean slilI slarlS al lhe k-space origin and zcro
f1l1ing is still rcquircd. This single shot lechnique is ealled
Blipped Echo Planar Il11aging(BEPI) or Blipped Echo Planar
Single pulse Techn;"uc (BEST) [132,133], Hg. 1b. BEST is
susceptihlc lo Ihe cllecl 01' Illagnetic field inhomogcneitics
which cause phase errors. Thcrefore, it is importanl lo ensure
that lhe transvcrse magnelizalion is eompletely in phase at the
slart oí"the cxpcrimcl1l. This implies lhe use of a 1800 pulse
which will he applicd immcJialcly following slice seIeetion.
Dala acquisilion hcgins at Ihe ¡minI 01'maximum signaJ. when
lhe magnclization is eOll1pletcly rcfocused.

The Illodulus version of this experimento calkJ
MBEST [134], is found to be essentially idenlical lO BEST,
excepl for lhe aJdilioll of a Iarge ncgative Oy gradienl pulse

Rc". Me •. Fú. 46 (2) (2000) 177-1 X9



OFTFRMINATIDN DF FLOW USING HALF FOURIER ECHD-PLANAR MR IMAGlNG 179

(e)

I ,., 2'C+t,
I I
(a)

llW"

W, '" 2'1:+t

(b)

4'1:+31

-1-

FIGURE 3. Two equivalent f10wcncoding scqucnces, which induce
a phasc shift proportional lo the spin velocity; a) simple bipolar
gradicnt, h) a unipolar sequence which uses a 1800 RF pulse lO
refocus the moving spins, e) the even.echo rephasing phenomen.
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prior lo data acquisition. k-spacc is fully scanncd and lhe FT
data produces a modulus ¡mage which is considcrahly more
rohust and Icss susceptible lo phase errors. Thc MBEST tim-
ing diagram is shown in Fig. 2. EPI is a campact tcchniquc
which is casily adaptable as an imaging module applied after
any suitablc spin preparation experirncnt, such as Inversion
Reeovery [135J and Spin Echo EPI [136J.

Basic references describing lhe foundations of lhe
principies of MRI ahound, so fUf a fullcr dcscription,
Ihe rcadcr is referrcd lo lhe original and review pa-
pers [126-129,136-144] and many well known lext-
books [145-158].

FIGURE 2. Time diagram of fiow cncoded Half-Fourier Echo-
Planar Imnging.
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FIGURE 4. Time diagram for the RF pulses, a) flow c!leoding gradicnt and graphicnl dcscription 01' the position of the magnetizarion
Al(i\1x, .Uy, A1%)when applying the flow eneoding sequencc. b) the magnctizalion is l1ippcd with a 90° RF pulse applied cither along
the l' or 11 ~x:is.e) lhe fin~l posilion of thc magnclization which rcprcscnls cilher cosine or sine componcnt.

2.~. Flow encoding gradients

Moran (159) introdoced Ihe use ofbipolar Ilow encoding gra-
dienls, based on Stejskal and Tanner's sequenee [160]10 en-
eode flow information via the phase ol' the NMR signa!. The
rhase generalcd in such a fashion is proportional lO Ihe flow
velocity. Afler applicalion of a bipolar gradient, sueh as the
nne shown in Fig. 3, the phase shift indoced hy Ilow ean he
expressed líO, íí],

(3 = -¡Gxv(r' + rl), ( I )

where G x is Ihe strenglh and t is the duration of the gra-
dient pulses, T is lhe delay time between the lobes. The
phase is completely independent of the spin position and lhe
phase varialion is directly proporlional to the spin velocity.
An equivalent teehniquc is shown in Fig. 4.

The echo height is rcduccd hy T 2 and decay in lhe bipolar
case and by T2 dccay alone in lhe case where a 1800 pulse is
lIscd, so Ihe Ilow cncoding seqllencc must lasl for a time less
than lhe spin-spin relaxation time. A schematic descriplion
01' the scquence is givcn in Fig. 4. Anothcr important phe-
nomenon oecurs when more gradienl pulses are applicd as
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FIGURE 5. Block diagram of wholc-body Echo-Planar Imaging systcm.

2.3. Flo,," artefads in t'dlO.pIanar imaging

Dne advantage 01' [his Illclhoo is that no calibration ex-
perimcnl is needed, since lhc tcrm So has been removed. The
measurcd vclocity, l', is Ihe componcnt in the direction ol' the
1l0w encoding gradicnt.

where So is lhe signal from the Half-Fourier EPI expcrimenl.
Tu cSlablish an expression ror lhe velocity of spins. Eq. (2)
anl! Eq. (3) are dividcd lo cancel the tcrm So, and suhslilUl-
ing rur b from Eq. (1), the vclocily can hc cxpressed as

are supprcssed. Such images are similar to timc-of-flight an-
giograms. The cosi nc imagc offcrs a oright image of the static
slruclures as \Vell as SOIllCllow-cncoded information. It is
ncccssary (o havc hOlh componenls 10 onlain qualitalivc llow
infonnalion. This information can be gaincd with the follow-
ing analysis.

Assuming lhat for a particular pixel the signal in the sine
and eosine imagcs is givcn by A. and B, respectively,

(2)

(3 )

(4)

A = So sin 11,

lJ = S" cos 11.

tan (.4/B)
v = ) .

,G,(T' + TI)

MOlion produccd by 110w,as fOllnd in lhe great artcrics. af~
fects signilicantly the reconslruelcd MR image. Translalion
mol ion ol' tissue. as Ihe Illotion of the chest wall during
brcathing, is another good example of lhis type of move-
mcnt. Ir an objcct Illoves during acquisilion of the data (now
or translational). the illlage will blurred: these unexpccted
alllI cvcn bo(hcrsolllc are called artefacto However, artefaClS
Illay cnd up opcning ncw doors and even new dircctions in
rcsearch within MRI. Must 01"Illolion arlefacls are duc to a
comhinalioll ul"!luw ami translationallllotion.

as in f-ig. 5. an extra rilase changc happens producing {3= O
for lhe sccond echo. An echo is formed due Ihe rc~phasing
01'static spins al lhe cntl of cach pair al' pulse gradient. whilc
lhe Illoving spins re-rhase ol1ly aflcr even nurnhcrs of bipolar
pulses. This phcnomcnon is !lamed lhe cven-echo cffcc[ or
llow compcnsatioll [161, 162J.

Guilfoyle. el al. 177]. Symms [124]. Gibbs [125] and
Rodrigucz el al. [70] have dcmonstratcd previously Ihal
lhe comhinalion 01' EPI aod a unipolar phase cncoding se-
quenee IIGOI can be used lo measure Oow. In lhe present
work. lhe sarnc llow c!leoding scqucncc shown in Fig. 4 pre-
cedes a Halr~Fourier EPI experiment. The RF pulses 01' this
scquencc are non~sclcctive. A spin-ceho is formed by lhe
slatic spins, aftcr appliealion 01'the 90° and 1800 RF pulses.
Thc sccond 9()0 pulse produces a realignment 01'the magneli-
zati~lOalong ..:-axis whcll il is applied along lhe ;T-axis in lhe
rolaling frame while thcrc is no elfeel when il is applied along
the y-axis. The lwo gradient pulses produce no nel phase ac-
eumulation for the slalionary spins.

The comhinalion 01"lhe first two RF pulses and gradienls
lobes, leads 10 an aeeumulalion of phase, as deseribed previ-
ously for llowing spins. The funetion ol' lhe sccond 90° pulse
is (o store eilher lhe -'Jx = '\/0 sin /3 or lhe Afy = ,\10 cos /3
component ol' the Illagnctization along lhe z-axis, for suh-
scqucIlI inlcrrogation by lhe EPI experiment. In the eosine
experiment, lhe magnelizalion is lippcd back along z-axis
by applying the sccond 90° pulse along lhe .t.-axis. To de-
stroy any renwining lransvcrse magnelizalion a spin phase
scrambling gradient is employed. before Ihe normal EPI ex-
periment. Thc sine expcriment is perl'ormed, by applying the
second 9()0 pulse along the y-axis and the remaining sig-
nal is exterminated in the same way as in the cosine exper~
iment. EPI is thcn ahle in lwo experiments. to produce im-
agcs dcpicting ensillc and sine ol' /3. A sehematic deseription
of lhis scquence is shown in Fig. 4. The sine image allows
L1irectvisualisalion of the llowing spins. since Ihe static spins
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\Ve uscd dilfeTent tcchniqucs lo eliminate thclI1, although
lhe (wo types 01'now arlcfacts generate nonzcro rilase al lhe
echo. For !lO\\!artcfacts cmploying a gradicnt it is plausihle lo
ohtain a zcro rhase by carcfully adjusting Ihe gradicnt ampli-
lude and timing along lhe now dircction. On lhe othcr hand,
translational mOlion bc(wccn RF pulses can be corrected hy
frcczing Ihe Illolion Uf Collccling data whcn lhe lissuc 0'- ¡n-
leres! is al one spatial location.

11 is partieularly relevanl to sludy Ihe effeels MBEST illl-
poses on spins in motion hefare any atlcmpt is maJe lo adapt
EPI as a now mcasurcmcnt scqucncc. EPI is insensilive lo Ihe
limc.of-llighl phcnorncna outlincd aboye. As long as spins
stay within lhe volumc (JI' Ihe graJient amI RP coil lincar-
ily 01'20 cm, for 128 ms which implies velocily magnitudes
less than 1.6 m/sec, no effecl of lhis Iype will take place. The
sclcctive cxcilalion process last for 3.5 ms, and consequently
only spins rnoving al speeds greatcr than 60 cm/sec will lrans-
verse lhe sensilive slice in lhis time and thus not be properly
exciteu.

EPI rcgularly suffcrs from ghosting and blurring artc-
f¡¡clS,gcometric dislorlion and signalloss. This is occasioned
by echo miscelltring, gradienl amplitude errors, movemcnl,
cddy currenrs and timing errors. Ghosting in the phase en-
coding direction rcgularly degrades lhe image. Thcse ghosts
are Ihe result of Ihe phase differences hetween odd and evcll
cchocs. The disparity originates from the inexact timing of
Ihe readout gradienrs, temporal asymrnelry of the analoguc
fIlter anJ static field inhomogeneities. It has heen recenlly re-
ported rhat the visihility of structure in cardiac EPI images
changes during syslole and diastole: respiration. cardiac 0104
tion and hlood f10w are responsihle for lhis aflefael [1631.
Many groups have been working cxtensively on dil"ferent ap-
proaches to reduce these artefacts 1163-170].

If EPI is performed under conditions 01"saturation recov-
ery. spins will experience lhe phenomena of spin refreshrnent.
After several experirnents static spins which remain in Ihe
slice hecome parlially saturated whilst spins flowing into the
slice from surrounding rcgions are fully relaxcd and thereforc
give a slrongcr signa! [125J. The sensitivily of EPI lo llow
phenomcna. particularly al tlow rates encountered wilhin rhe
human hody can he advantagcous. Since EPl is an ultra-fasr
imaging lechnique. il is well suiled to adaptation to llow mea.
surements. The melhod can also be used in real4time angiog-
raphy.

2.4, The ha Ir FOllr;er melhod

Whenever the four k-space quadrants are scanned, IIIling the
whole of Ihe space, lhis is designated as a full Fourier tech-
nique. The Pourier transrorm generales inl"ormalion.contain-
ing real and imaginary parts wilh a well-defined phase. Tak-
ing lhe modulus of the two parts, give rise ro O1odulus imagcs
in which all phase effecls are removed. However, lhese rnelh-
ods can rcquire long imaging times.

To ahhreviale the long imaging times of the full Fourier
mcthods [i7J, we can sean only half oflhe k-spaee 1125, I il]

and then recollsrrucr the olher hall" using rhe lIerrnitian sym4
mClry property 01' the Fourier transl"orm of the NMR signal,
S(-k') = S.(k) Ili2]. Then, in so me cases only halfthe
nUlllhcr 01"lhe cxpcrimenls are essentiaI. Nevertheless. rhis
Illclhod dcmands zero filling hefore Fourier rransformation.
Filtering is needeu to avoid ringing at lhe edges produced
hy (he truncating step function. Phase variation causes proh-
lellls sincc lhe Hcrmitian symmctry is losl. Such phase vari-
ation rcsults fram T:.!decay, misalignment of lhe signa) de-
lcclion amI gradicnl cddy currenls. Thesc problerns can hc
overcome hy using another Iype of partial sampling scherne
whieh makes use of slightly more than half of lhe k-spaee
d<ltain onc cncoding direclion [171]. This cnables us lo con-
slruct a coarse phase map from the symmetric dala around
the origino which will be cmployed afterwards lo correct the
phasc errors.

This lechnique uses approximately half of the dala
lines filling k.space. wilhout any reduction in resolu-
tion [138, 139J. It makes use of apilase correction proccdure
in lhe image domain. For example. an 128 x 128 image is
forrned with 72 echocs in 70 ms. A coarse phase map will he
constructed using the central 16 echoes. which subsequently
will he used in phase eorreelion [li3, li4]. There are oth-
ers haIr Fourier melhods (o reduce lhe image acquisition in
EPI [77-79] as well olher imaging melhods leading to reduce
lhe acquisition time [175-178].

3. Overview of the EPI ima¡:er

The 0.5 T imaging syslem employed lo carry out alllhe Ilow
experimenls. is oUllined in this secrion. The author was nol
involved with the uesign or installation of the system. The
present imaging syslem is lhe result of many years uf work
done hy a nUlllher of people, who have wriuen the soft-
ware and designed and fabricaled the hardware in.house. wilh
some commercial hardware heing huilt lo specificarion. Fig-
ure 5, sho\Vs a schcmatic dcscription of lhe 0.5 T Nottingham
systern devcloped spccifkally to perform echo-planar imag4
ing.

3,1. The magnel

This irnaging system is based around a superconducting mag-
nelmanufaclured hy Oxford magnellechnology [1iD], with a
rnagnetic ¡¡eId strength uf 0.52 Tesla, which generates a Lar-
mor frequeney of 22.03 MHz (prolon resonance frequeney).
11has a horizonlal inner hore of 92 cm and a shilll set (13 re-
sistivc coils) lo cumpensate the field distortions caused hy site
prohlems anu fahricalion defects. The shim is able to produce
a ¡¡cid homogeneity of 3 p.p.m. within a 30 cm diarneter cen.
tral spherc. To screen out the RF noise. the magnct ends are
surrounded hy an earthed Faraday cage of aluminiurn mesh.

3.2. Thc gradient~coils

Three actively screcncd whole-body gradient coils are use to
gcnerate the Ihrec orthogonallinear t1eld gradients (transver-
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TABLE 1. Summary of gradient system specifications for a 0.5 Tesla wholc-txx.Iy syslcm. (O:(ford supcrconducting magnet-manufactured
in 1986)

Gradienl T 11 =
ll!lual Operarion RC<ld llroadcning Slice select
Parallcllnductancc l¡dl] 97 97 92
Efllcicncy IrnTm-1 A-11 (parallel)/(series) 0.0311O()62 003210064 0047/0.ll94
Maximum Currenl IA/pair] 120 120 120
Max.imum Vollagc IV) 320 320 320
Rcsislnncc [n) 0.03 0.03 0.03
Nurnhcr of Pairs Amplificrs 4 3 1
Driving Mode currenl currenl curren!

se :r antl y, ami sIice sclcction, z). EPI rcquiTes the use of
largc ami rapidly switchcu magnctic ficld gradicnts. Such
gradicnts produce undcsircd cddy currcnts in the mctallic
structurcs 01' the magnct botly. Thus, sccondary coils of op-
positc polarity, surrounding thc corrcsponding gradient eoils,
were used to prevent Ihe formalion of eddy currents. The gra-
dient coils have inner diameters of 60 cm. The power requircd
hy the gradienls is supplied hy Teehron 7790 (3 phase. 415 V)
linear powcr amplifiers, aH wired as push-pull pairs. A cur-
rent 01. 120 A al a peak vollage 01. 320 V is provided hy eaeh
pair. The gradients are driven in current mode lo ensure ac-
eurale fol1owing 01' the input gradient waveform demands.
Usually. the gradient eoils needed a rise time 01. 400 lIS lo
reach their maximum amplitude. This parameler delermines
lhe gradient ehange per unít time or slew rate, whieh in tum,
is dependent on the coil inductance and amplifier voltage.
Another important parameler is the duty eycie 01. lhe ampli-
fier, which characteriscs the proportion 01' the time that the
ampliflcrs are on driving a particular pulse sequencc. A stan-
dard EPI experiment, whose duration is 128 ms, produces a
duty cycle nI' around 26%, when rcpeated 8 times in 4 sec-
onds. The spccificatinns of the gradient coils are summariscd
in Tahle 1.

3.3. The radio frequenc)' coils

Two RF coils wcrc used in all the flow experiments, sincc Ihis
two-coil modc allows Ihe receiver and transmitter to be opli-
mised individually. The transmission eoil was a RF whole-
hody coil [180-1031 huilt hy Dr. M. Symms and optimised
hy Dr. P. Boulhy. This coil has a lenglh 01. 50 cm and an inner
dklllleter 01"50 cm. The coil surrounded by a slotted scrccn
which avoids coupling with external conduclors, \\'hilst min-
ímising the generation 01' cddy currcnts when swilching the
gradients. This hird-cage coil [180-184J was tuned lo res-
ona!e al 22.03 MHz. The qualily factor (Q) is around 50
whcn the coil is loadcd with a volunteer or a water phantom.
The coil is matched to 50 fl wilh a matching system consisl-
ing 01' an induclivc-capacilive rr-nctwork. The two-coil ar-
ray is illllslrated in Hg. 6. Thc reccption coil was a surfacc
eoil [10,1-1%] designed and fahrieated hy Dr. P. Tokarezuk
and optimiscd by myself (see Fig. 7a). The surface coil has

maldJlna bol

Rf Iran~mllt""

'lIhole- body 0011
(Ir.nsmlll.,.)

~ur1aer(':011
(rtcdv.,.)

FIGURE 6. Diagram 01"dual coil syslcm.

has circular sh'ape alld is 24 cm in diameter. The Q value of
Ihe cardiac coil is approximalely 34 when loaded on a volun-
teer. Thc coil was m<llched to 50 n with a specially designed
malching oox. A circuit diagram is shown in Fig. 71:1. In order
to reduce Ihe coupling oetwccn the whole-body coil and Ihe
cardiac coil, as well as prolecting the surface coil, a gating
circlIit was implcmcnled (sec Fig. 8). During RF transmis-
sion, a DC control voltage is applied to the gating circuit and
lhe PIN diode swilches on thus dC-luning the surface coil,
50 protccting it fmm the pulse fmm Ihe whole-hody trans-
mitter and avoiding coupling hClween the two coils. Furthcr
protection 01' lhe prcamplifiers is providcd hy the cros5ed-
diodes and 1/4 line shown in Fig. 9. When Ihe diodes afe hi-
ased on, an open circuit is sccn al poiol A, thus protecling the
pre-amplifier during transmission. In single coil operation the
transmitter amplifler is conncctcd in place of the 50 n load.
The 1/4 @ 52 Mllz eahle aets as a hand-stop filler to RF al
52 Mllz (lhe upper-side-hand frequeney).
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50 tl r""~,,.,OI

(b)

~'u",,,'ln••

PI(;UR[ 9. Prolcction circuil.

09"'<1''''''

ter. Finally, il is split ¡nlo its real and imaginary parts by
(juaJraturc rhase scnsilivc dctection bcforc il is samplcd
hy lhe ADe's (analoguc-to-digital convcrtcrs). Thc signal is
digiliscd with a dual 16 hit Hylck ADC whosc maximul1l
salllpling Tale is 106 complcx samplcs pcr second. Then, il
is slorcd in the workstalion's short-tcrm mcmory (SUN CQm-
puter), hcforc it is Fouricr transformcd. This protcclion cir-
clIilry is also uscd in singlc coil modc.

maldlln. bOl-

dlode

UOpF

(o)

I
WPP

eoll

prOC••.•..•on drOllt-
FIGURE 7. a) Circuit of cardíac coil, h) Malching: circuit nI' cardi.ll,.'
mil.

FIGURE 8. Diagram of gating c¡reuit. The capacitors in this circuil
are pan of Ihe luning circuit.

.l...•. The radio rrequency electronics

.15, The l'ompllting SYStl'I11S

Thc cxpcriments wcrc controlled with a SUN4 workstation
which was intcrfaced lo a wavefol"ln conlrollcr dcsigned hy
Dr. 1'. G/over [hardware] and Dc. R. Coxon ¡software]. The
wavcforlll controllcr Illanipulates thc imaging pararnclers on
scrccn in rcal timc. It is possihle to develop simple and f1exi-
hle scqucnces \\!ith a gradicnt and RF channcl time rcsolution
of I JIS ami salllpling channcl resolution 1/16 JlS. An AT&T
pixcllllachine was lIsed lO perform the Fast Fourier Transfor-
Illation: Ihis array processor is ahle to produce 128 x 128 (or
128 x G.I) illlagcs IIp to arate of 10 framcs per second. A
high-resolution monitor was used lo display the image data.
Aflerwards, images can he accessed from a console via a net-
work for processing if required. Image data can he slored on
a local hard disk whose rnemory size is 350 MB and lhcn
transferrcd to rnagnctic tapcs or optical disks.

The principIes uf standard hcterodyne lransrnission ami rc-
ccption form lhe hasis 01'the RF clcctronics. The carricr rTe.
qucncy is gcncratcd hy a frcqucncy synthcsizcr (Wavclck
5130A). operaling 15 MHz aoove loe frequcoey required
(22 MHz). The earricr is fed lo Ihe RF modulator along with
Ihe pulse shapc information fmm lhe RF channcl nI' lhe wavc.
form gcncrator. Herc is mixcd with lhe 15 MHz rcfercncc
frcqucllcy lo form a RF pulse al lhe dcsircd frcqucncy. The
pulse is amplilied hy a 2 kW power amplilier (Eddyslone Ra-
dio H 130 1). Sinee Ihe FlD signal produccd is Ihe unler of ¡,V.
a preamplilier of high gain and luw noise (Tronlech \V IOOF
50 dB gain) was uscd lo ¡nerease the signal lo Ihe ordcr of
mY. This amplificr is placel! within Ihe shicld 01' lhe ¡magíng
sYSlcm. so Ihe clfcet 01' altenuation in lhe connecling cable is
ll1¡ni ll1¡¡el!.

Aftcr furthcr amplificarian lhe signal is demodulalcd lo a
frcquency in lhe rangc 01' kHz by mixing it wilh a reference
signal (hclcrodyning), amllhcn fillcred using a low-pass 1iI-

4. Experiment and method

Thc prescllt /low scquencc is hased on a Full-Fourier EPI
seherne dcveloped prcviously io Nottingham 177. 124]. a de-
tailcd dcscription nf lhe original work can hc found in [125].
The scqucllcc was implemcnlcd on a 0.5 T imagcr. dcscrihcd
ahove.

Transaxial 128 x 128 irnages, with a slice of I cm thick-
ness and 2.5 mm in-plane resolution wcre generated. Two
cnils wcre cmploycd: a surface eoil was uscd as a rcceiver
ami a whole-hody coil as a transmitter. To avoid coupling he-
twecn the 2 coils, a galing circuit was introduced ioto the
syslcrn. Bcfore the now cxpcrirncnt was ser up. the fiow sc-
t)ucncc w;:¡s calihrated hy producing HF-EPI images Wilh a
waler rescr\'oir and a pipe phantom.

Thc l1rst phantom contained staric water and the second
('onsisted 01' a pipc hent lo form an U shape so that two oppo-
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FI(;URE 11. Graph ~h(lwillg (he range of (he gradicnt strcngth in
which the dcgn:e (Ir the separation of the two channcls rcmains ad-
equatc to nhtain a g<x)d calihralioll. (+) sine cnmponcnt and (o)
ensillc C{lmponcnt.

5. Results

In order In calculale Ihe vclocities from the tlow encoded irn-
agcs it is nccessary 10 estahlish a method of calculalion. Thc
MRI signal inlcnsily [Ti] integraled over the pipe cross sec-
lion is

1,
11

,,= 27f1'{I (1') <,xp (i"V) d1'.
o

whcre,p(l') is the fluid density here takcn as unity and (he
lIow velocily at radius r, \1('/') is assumed to be laminar,
,,= ,G(T' + TI). ami ¡¡ is Ihe pipe radius.

r( 1.2 ms), f(ll.'2 IIls) and lhe duration tilIle of the non-
selcclive RF pulses wcre kept constant throughout lhe experi-
lIlen!. The average nf Ihe signal inlcnsity in holh componenls
was cstimatcd using a !\1ATLAB program, \vhich esscntially
maskeu oul the images lo produce a ROl, lhen the mean of
Ihe pixcls was cornputed. The plOI 01' Fig. II indicates the re-
gion of G wilhin which, Half-Fourier EPI now irnaging can
he satisfactorily perforrned using this particular imaging sys-
lem.

The !low experirnenl was perforrned by supplying watcr
through Ihe pipe from a watcr tapo so various now rates were
produced. A long inlct Icnglh \vas providcd to ensure lami-
nar hehaviollr in Ihe imaging region. Images for cach compo-
nent were aClJuired for dilTerent now rales. Two images with
(he inlensily of lhe images \••..eighled hy the sine or cosine of
Ihe phase were gelleralcd. Each experiment was repeated 5
times lo ;¡ssess Ihe reproducihilily of the velocity rneasure-
lTlent. For cOlllparisoll, Ihe veiocity of water Ilow was ll1ea-
sured independcnlly from lhe MR imaging by liming lhe col-
iccted volullle hy Ihe huckel and slopwalch lechnique. Thc
following expression was uscd to compute the waler veloc-
ity: Q = VA. where q is the Ilow rate. V is Ihe average
water vclocily ami A is lhe cross-sectional area of the pipe
with a diameter 01' 2 cm. The diarnctcr 01"the lUbe in the im-
age is approximately 12 pixels. Thus. it is valid to associatc a
unique velocity wilh cach individual pixel.

FIGURE 10. Pharllom images of stationary water using Flow En-
lwJcd Half.Fouricr EPI. A) sine or weak omponent and b) cosinc
or slrong componcnt.

site no\\' dircctions could he determincd. The water rcser-
voir was placeo 00 IOr of lhe pipe and lhen the pipe was
installcd through Ihe Icngth of lhe scanner. A surface coil
\\'3S placel! on top of Ihe water phanlOms. Thus, in the ¡m-
agc, thTce c¡feles appcarcd: 1WOcarricd flowing water and
one with slalionary water. Thc third one was uscd as an in-
dicalor lo diffcrcntiatc hctwcen the sine and cosine imagcs
in lhe dynamic siluation. In ordcr lO have static waler in
lhe pipe as wel1, il was lillcd with waler [rom a tapo Thcrc-
ancr. lhe slrcnglh (G), duralion (1) anJ delay time (r) 01"lhe
now pulses. were varied unlil lhe sine image was sufficienlly
llulleJ and lhe cnsine signal was maximum. Calibration ím-
ages are shown in Fig. I(l. The corresponding values are
t = 11 ms. T = 1.2 ms. G = 0.6 mT/m. Although Eddy cur-
renls were presenl. lheir effects were sufficienlly cancelled
hy adjusting the delay time T. (see Fig. 2).

A crilical parameter in UF-EPI acquisition is lhe strenglh
of Ihe !low encoding gradient. G. This gradienl conlrols the
amount of phase shin produced hy a given veJocity. An al-
temale anJ commonly uscd paramctcri7.ation is lo reporl the
veJocily that produces a phase shin of ,,12 [Eq. (4)]. This pa-
rameler is rcfclTcd tn as the cncoding velocity V'-'IlC'. To com-
pule the encoding velocity for this parlicular experiment, lhe
variahles r. t, G and "( wcre taken as ahoye, giving an en-
coding vclocity of around 70 cm/seco This provided us with
a good intcrval of velocilies in performing our now experi-
menl.

AnOlher expcrirnenl was performcd to assess lhe reliahil-
ily of lhe gradienl strcnglh. The calihration procedure was
rcpcaled on a hottle uf 12 CI11diarneter, varying G. The times
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FIGURE 12. PIOI illuslmtcs the relalionship bctwcen the hulk veloc.
ily :lmJ lIalf.Fourier EPI vclocily Illcasurcmcnls. Thc linear regres-
sinn for this data is l'Nr.m ;;;;;1.06VUll1k + 0.062 and R2 = 0.98.

AsslIlIling that lhe average vclocity bchavcs in a laminar
fashion. thcn Ihe signal inlcnsity is dctcrmined by [77J

¡¡'2¡r
,,= -,- {sin (,,¡~,,)+ i [1 - cos(!<I1m)J). (6)

k\'m

Thc two parts in Eq. (6) corrcspond lo lhe sine and ensine
cxpcrimcnts as dcscrihcd hcforc. Thc dircct mcasurcmcnt of
Ihe \'clocity can he gained w¡lh Ihe division of lhese 1\\'0 COITI-
poncnts:

(9)
I'd

Rc=-,
v

is compared againsl the average NMR velocity (l~"lMR). cal-
eulaletl using Eq. (7) antl loe experimental dala. Tois plOl antl
linear regression or lhe data stress lhe exeellcnl agreement of
Ihe NMR veloeily wilh lhe aelual veloeily in loe pipe. Tous,
it can he implied Ihal l/m = \~"lMR. This indieates a linear
funetion ovcr the llow range sludied and eonfirms the lami-
nar Ilow in Ihe pipe. The sine anu eosine experimenls show
a regular varialion in Ihe signa!. see Pig. 13. The velocity
map' nf I'ig. 14 exoioil lhe paraoolie proliles expeeted from
Ihe analysis ahoye. A lIIore detaileu analysis of the varialion
uf lhe signal intellsily 01' lhe Iwo components of Eq. (6), has
heen reponed by Gllilfoyle [77].

The laminar condilion in the pipe can he losl if the veloe-
ity feaches a crilical point, normally at higher vclocilies. Al
lhis poinl the slllooth llow cannol he preserved so Ihe waler
l10w hecollles lIIore sensilive to dislurhances. The mOlion 01'
the fluid turns irregular. random anu turbulent. The Rcynolds
numher, Rr 1162], offcrs a crilerion to distinguish belwccn
laminar and turhulcnt lIow. This dirnensionless quanlity in a
circular pipe is expressed as

FlfiURE 13. Imagcs of the sine and eosine eomponems of a waler

phantom 2.5 cm in diamclcr.

where V is Ihe average velocity. d is the pipe diamelcr and
v is Ihe kincmalic viscosity of water. According to MeDon-
altl [371 amI nloers 138-41,49,52J a lower eritieal value of
Re can he 2500 ror water in a pipe. However, this is an cm-
pirical nurnhcr ami slrongly depcnds upon lhe experimental
conditions. To lind out Ihe crilical points of this experiment,
this value was replaeed in Eq. (9) with 11 kinematic viseos-
ily nf v = 1.002 x lO-O m'/s al 20°C [197], produeing a
limiting velocily 01' 12 cm/s. Experimcntally, slightly highcr

(7)

(8)

"

"

(
!<11m) 1-cos("l'm)

tan -- = . T •2 sm(Hm)

I'rom Eq. (7), \lNMR can oc eSlimated oy

!<I~" _1 (A)-- = tan -2 B
whcrc A ami lJ hefe represent lhe avcragcs 01' lhe sine and
ensille imagcs, as in Eqs. (2) antl (3).

\Ve conlinucJ to I11casure the velocity in lhe pipe for lhe
differcnt flow values generated with the water tapo MATLAB
¿¡nd an exprcssly writlen e language program were uscd lO
calculate lhe N!v1R velocily. Images were masked out wilh a
c\rclc lo scparatc lhe region uf interest (ROl) from lhe resl uf
lhe image. Thus, interrogaling Ihc sine and cosine ROl with
lhe software programmes, assuming [Eqs. (2) and (3)] loal
cach pixel rcprescnts one veloeily, it is possible to produce
vclocily rnaps for a parlicular flow rateo Flow maps are an
exeellent way to visualise the llow phenomenon in a pipe as
well as in arteries.

The mean valucs were calculatcd by masking all the im-
ages and lhen calculating lhe mean of lhe pixels in lhe ROL
This approaeh presented sorne diftieulties. since it was not
slraighlforward lo dislinguish hetween the pipe wall and lhe
oaekground noise. Al Ihe perimeter of toe ROl, so me of Ihe
pixels include hoth irnagc and noise. but, in lhe case of large
ROIs, Ihe inclusion of these pixels, does nol greatly inf1ucnee
the measurcmcnts 01' Ihe average velocity [39,42]. In Hg. 12,
Ihe velocily in the pipe computed using Ihe known ftow rate
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PIGURE 14. Velocity maps al lowcr velocities show a more pre-
dominanl laminnr bchavinur. The velocity mcasuremcnts wcrc cal-
culatcJ al the following rates: 10.33 mi/s. 2) 1.25 mI/s. 3) 0.58 O1l/s
ami O.2-l mi/s.

\'clocity could be lo obtaincd bcforc lhe now was fully lurbu-
lenl (see Fig. 13). Rcynolds numhcr predicts thal allowcr vc-
locitics lhe laminar bchaviour is predominant as is i1luslrated
in Fig 14. Thcrc is an cxccllcnt concordancc bclwccn lhe Vm
and VNMH wilhin this region. For complctcncss, Ihe now rate
was increased unlil lhe turhulcnt region was rcachcd. In Ihe
luroulenl region, lhe sl1100lh pattcrn is 10sI ami a more chaotic
hchaviour starls lo he predominan£: vclocity maps for this re-
gion weTe acquircd amI presented in Fig. 15.
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