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We have investigated the theoretical and experimental linear
ependence of the reciprocal of the apparent longitudinal relax-
tion time [(T*1)21] of the NMR signal from spins in a flowing fluid
n the volume flow rate, Fv , the so-called inflow effect. We refer to
he coefficient of this dependence as the longitudinal flow relaxiv-
ty, r1F . A very simple model predicts that, under a range of
onditions pertinent to modern flow studies and perfusion imaging
xperiments, r1F is controlled by the volume of the fluid in which
he magnetization is perturbed by pulsed RF inversion or satura-
ion, not the detection volume, and that it can be approximated as
he reciprocal of half of the inversion volume. Phantom sample
xperiments, using a new, quantitative approach that we call flow
elaxography, confirm the general predictions of this simple model.
here are two intriguing implications of these findings for general
MR flow studies as well as for medical applications. It should be
ossible to vary the value of r1F by simply (noninvasively) adjust-

ng the inversion slice thickness, and thus measure the value of
blood 1H2O, for example) Fv in a vessel without changing Fv ,
rom the resultant varying T*1 values. Also, it should be possible to
xtrapolate to the intrinsic T1 value of the fluid signal (as if it were
tationary), without altering or stopping the flow. Again, these are
uite successful in phantom sample studies. Imaging versions of
he flow relaxographic experiments are also possible. The twin
oals of flow studies in medical MRI are the quantitative discrim-
nation of the signals from flowing and nonflowing spins, and the
ccurate measurement of the flow rate of the former. © 1999 Academic

ress

INTRODUCTION

It has been long known that flow can affect the appa
ongitudinal relaxation time (T*1) of the magnetic resonan
ignal from spins in a fluid (1–3). The effect of flow (which

nvolves coherent motion) will, in principle, not affect t
ntrinsic relaxation of NMR signals since the latter is due
andom (incoherent) molecular motion. Consequently,
ill also not alter the intrinsic intensity of the NMR sign
owever, the net magnetization of the sample in the re
etected is altered if the molecules flowing into this reg
ave a different magnetic or chemical nature than that of t

1 To whom correspondence should be addressed. Fax: (516) 344
-mail: jlee@bnl.gov.
102090-7807/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
t

n
n
se

owing out (2–4). Fortunately, the determination of flow ra
y NMR is possible without the injection of an exogen

racer molecule (chemical tagging), because theperturbed
owing nuclear magnetization can be thought to act itself a
MR tracer (endogenous tracer, or so-called magnetic
ing”). The formation of the magnetic tagging can be co
uent to nuclear magnetization or demagnetization by the
agnetic field (B0), or to magnetization saturation or invers
y the RF magnetic field (B1). It is on the basis of these NM
rinciples that flow effects include time-of-flight (3, 5–9), in-
ow/outflow (1, 10–13), phase modulation (14–18), or com-
inations of these (19). The basis of the time-of-flight metho

s to measure the time taken by tagged magnetization to t
he distance between two coils. This method provides
elocity directly, but is difficult to implementin vivo (9, 20).
he phase modulation method is relatively more complica
as its own difficulties (e.g., phase aliasing and motion s

ivity (21)), and does not easily discriminate the contribu
rom water diffusion (17, 22, 23). To date, methods employin
he inflow/outflow effect, with and without the time-of-flig
ffect, probably are the most commonly used. Howeve
rder to quantify the flow rate precisely, one needs to know

ntrinsic T1 value of the signal from the flowing spins th
ould obtain if the fluid were stationary, along with the
ropriate sensitive volume. Thus, most practical studies
rovide only qualitative information.
In this report, we introduce the concept of the longitud

ow relaxivity; and, along with using relaxographic a
roaches (24, 25), we are able to accurately measure the
me flow rate and the intrinsicT1 value for the signal from
hantom sample.

THEORY

It has been known almost since the discovery of NMR
he coherent movement of a flowing fluid can alter the appa
ongitudinal relaxation time of the signal arising from sp
ontained therein (1, 10). Under many conditions, this appar
elaxation time remains effectively single-valued; that is,
elaxation can be treated as monoexponential (1, 2, 26). As will
e seen below we have confirmed this by applying a n

76.
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103USING FLOW RELAXOGRAPHY TO ELUCIDATE FLOW RELAXIVITY
uantitative technique,flow relaxography,in an extensive se
f inversion recovery experiments. Furthermore, the app
elaxation rate constant is often linearly dependent on
olume flow rate,Fv (2, 19, 26). Although we are not awa
hat anyone has done so, this means that one can expre
ffect in arelaxivity equation

~T*1!
21 5 ~T1!

21 1 r 1F z Fv , [1]

hereT*1 is the apparent relaxation time,T1 is the intrinsic
elaxation time (as if the fluid were stationary), andr1F can be
ermed thelongitudinal flow relaxivity.

From dimensional analysis, it is clear thatr1F must have th
imension of reciprocal volume [(V*) 21]: Fv has dimension
f (volume/time). Thus, the productr1F z Fv is a reciproca

ime constant [(tF)21]. The prose characterizations of this ti
onstant in the literature have varied. Thus, Deniset al. de-
cribed it as (translated from the French) the “time neces
or a 1/e fraction of the saturated spins to flow out of
esonance volume” (1). Singer suggested that a derivation fr

modified form of Bloch’s differential equation leads to
nterpretation oftF as the mean time for a flowing spin in t
etection volume (Vo) (2), which is not the same as that of t
rench group. Jones and Child repeated Singer’s result26),
nd Hemminga repeated Singer’s stated derivation (19). The

mplication of the Singer interpretation is thatV* 5 Vo. As far
s we are aware, these differing implications have never
arefully examined. Hemminga and coworkers did repo
ransverserelaxation study, in which they found the equival
f r2F to be (1.4z Vo)

21 (12). They attributed this discrepan
with both of the above interpretations) to an inhomogene

1 field, which had a particularly important effect on th
ransverse relaxation measurement. Perhaps a major r
hat these ideas have not been tested is that, early on, it se
ifficult to do so. The value ofVo could ostensibly be varie
nly by employing a series of single-coil (or crossed-c

ransceiver systems of different dimensions. However, th
roduction of the slice-selection concept by Garrowayet al.
27) provided a facile way of accomplishing this test.
mploy this approach in the present paper.
Before we present our results, however, let us revisit

heory with the simplest possible model. Figure 1a depic
ube of cross-sectional area A, with fluid flowing from left
ight. The detection volume will be determined by the s
hickness,So, selected for the read RF pulses applied du
he recovery from inversion. The volume of fluid whose
lear magnetization is inverted,Vi, can be independently co
rolled and varied by selecting the sample thickness,Si, sub-
ected to the inversion RF pulse. For the considerations
hese two slices will always have identical slab center pl
that of the RF coil). Assume that the magnetization insidVi

which includesV ) is inverted at time zero, and that t
o
nt
e

this

ry

en
a
t

s

son
ed

)
n-

e
a

g
-

re,
s

agnetization outsideVi is, and remains, at Boltzmann eq
ibrium (M0, for B0 andT).

Figure 1b (left) illustrates the recovery of magnetizat
fter inversion, that isdue only to relaxation(i.e., Fv 5 0). It

s a plot of the magnetization inVo, Mz(t), as a function of tim
fter the inversion (i.e.,Mz(0) 5 2M0). The curve is that o
single exponential, withT1 5 1.13 s inthis case. In Fig. 1

right), one sees the distribution ofT1 values that describes t
ecovery in 1b (left), thelongitudinal relaxogram(25). As
elated under Experimental, this was obtained by submi
iscrete points (coordinate pairs) from the recovery curv

he computer program CONTIN. Thisrelaxographyprocess i
ffectively the inverse Laplace transformation (ILT) of
ecovery curve. Of course, the relaxogram returned by C
IN is essentially ad-function in this case.
In Fig. 1c (left) is shown the recovery of magnetizat

ue only to flow(i.e., T1 5 `). The curves depict the wa
hat two different limiting flow velocity patterns chan
agnetization due to the flow of spins into and out ofVo.
he solid and dotted lines represent the plug flow
oisseuille (simple laminar) flow patterns, respectively.

he plug flow model, the magnetization starts at2M0 after
he inversion RF pulse, and remains as such untilt 5 0.5 (Vi

Vo)/Fv, whenM0 fluid begins to enterVo. Then it linearly
ecoversto M0 as the plug with2M0 is washed out ofVo.
he time increment for all of the magnetization inVo to
eachM0 is Vo/Fv. In this simulation, we choseSi 5 2So.
or the laminar flow model, we used equivalent parame
e.g., the average velocity in the laminar flow was set e
o that of the plug flow (4, 19)). The laminar flow mode
equired following the increasing incursion of a volume
agnetizationM0 into Vo with an ever-growing front havin

he shape of a parabolic cone, and utilizing the volu
eighted distribution of flow velocities (4, 19). It is inter-
sting to observe that, for both models, the magnetiza
eaches 1/e of the differencefrom equilibrium (M0) of its
nitial value at the same time (the intersection of the
ines in Fig. 1c (left)). The abscissal value of this point istF,
nd the model parameters were chosen so that it e
.13 s (i.e., it is the same asT1 in Fig. 1b (left)). The ILTs
f the two curves in Fig. 1c (left) produce the relaxogra

n Fig. 1c (right), presented with corresponding solid
otted lines. These are essentially indistinguishable. O
usly, the main consequence of the shape difference i
urves in 1b (left) and 1c (left) is a broadening of the sin
elaxographic peaks in 1c (right) compared with that in
right). The peak area is unchanged. This broadenin
ntuitive in the sense that one can think of the curves in
left) as having contributions from components with b
arger and smaller time constants than that of 1b (left).
act that these components are not resolved in the resu
elaxograms, 1c (right), is a consequence of the “n
nique” nature of the ILT, and the necessarily numer
pproximation to it (25). It is important to note, howeve
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104 LEE ET AL.
hat the two flow patterns represented in Fig. 1c actu
racket the cases of turbulent flow (19), and thus are th

imits of practical flow patterns for most reasonable si
ions. There are imaging pulse sequences that can dis
nate velocity patterns in the flow of a fluid though a la
essel (18). The transform arrow in Fig. 1c is not doub
eaded because the LT of the relaxogram of 1c (right)
moother curve more like the laminar flow recovery in
left) than the plug flow recovery, but not exactly identi
o either of them.

In Fig. 1d (left), we have convolved the relaxation and p

FIG. 1. (a) A drawing of a simple model for a fluid flowing in a cylind
he recovery of longitudinal signal due to only relaxation with a singleT1 va
ecovery associated with only flow. The solid and dotted lines represen
ssentially identical longitudinal relaxograms. (d) The recovery due to s
y

-
m-

a

l

ow recoveries of 1b and 1c. The ILT of this curve, in Fig.
right), shows a single broadened relaxographic peak tha
een shifted to a position approaching the valueT1tF(T1 1

F)21 (note the log scale for the abscissa). Let us derive
atter quantity.

In the wide range of conditions under which the meas
ecovery is empirically single exponential, we may us
imple exponential theory. Thus, we can model the ch
f magnetization due to the recovery from inversion, and
hange of magnetization due to the flow into and flow ou

as parallel pseudo-first-order kinetic processes (the

al vessel. Some important parameters are indicated. (b) The time depe
of 1.13 s, and the relaxogram that is its inverse Laplace transform. (c
recoveries caused by plug flow and simple laminar flow, respectively.yield

ltaneous relaxation and plug flow, and its relaxogram.
ric
lue

t the
imu
o
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105USING FLOW RELAXOGRAPHY TO ELUCIDATE FLOW RELAXIVITY
erms on the RHS of Eq. [1]). These are shown, respect
s

Mz~0!O¡

T1
21

M0 [2]

Mz~0!O¡

tF
21

M0. [3]

he expanded differential form of the Bloch rate law can
e written as

dMz~t!

dt
5

M0 2 Mz~t!

T1
1

M0 2 Mz~t!

tF
, [4]

nd, from our definition ofT*1 given above, simplified as

dMz~t!

dt
5

M0 2 Mz~t!

T*1
. [5]

definite integration of Eq. [5] leads to

Mz~t! 2 Mo

Mz~0! 2 Mo
5 expS2 t

T*1
D 5 expS2 t

T1
D z expS2 t

tF
D . [6]

f course,T*1 is given by (T1
21 1 tF

21)21, which is the

1tF(T1 1 tF)21 position marked on the abscissa of Fig.
right).

Thus, tF is properly described as the time required for
ifference from its equilibrium magnitude of the instantane
agnetization insideVo [Mz(t)] to decrease to 1/e of its initial

alue,because of flow.SincetF is V*/ Fv (from above), we ca
ow write the correct expression forV*, for the configuration
f Fig. 1a, as

V* 5 @1 2 ~1/e!#Vo 1 @~Vi / 2! 2 ~Vo/ 2!#. [7]

his can be easily understood in terms of the plug flow m
ecausetF is the time required for the upstream (trailing) e
f the Vi plug to reach the point 12 (1/e), 0.63, of the way

hroughVo. Another way to visualize this is to use aflowing
rame of reference, in which the fluid is stationary andVo

oves to the left (in Fig. 1a) atFv. In this picture,tF is the time
equired for the upstream edge ofVo to move past the upstrea
dge ofVi, and further, to a point where 0.63 ofVo is out ofVi.
quation [7] simplifies to

V* 5 0.50 Vi 1 0.13 Vo. [8]

e see that, perhaps surprisingly, theVo contribution toV* is
argely canceled. In fact, whenVi is noticeably larger thanVo,

simple approximation allows us to drop theV contribution to
o
ly

s

s

el

he flow relaxivity altogether. We will show that our expe
ental results are consistent with these predictions. On
ther hand, whenVi 5 Vo, which was the case for most ea
xperiments, Eq. [8] reduces toV* 5 0.63 Vo. Note that this

s not the same as either the French (1) [V* 5 0.37Vo] or the
inger (2) [V* 5 Vo] interpretations. However, as pointed
bove, these interpretations were never really tested.

EXPERIMENTAL

Two cylindrical tubes filled with saline solutions (150 m
aCl) were placed inside a 4.7-cm long circularly polari
irdcage RF coil (ID5 4 cm) and oriented parallel toB0. One

ube was made of glass (ID5 4.85 mm) and was sealed at b
nds. The other tube (ID5 3.76 mm) was made of polyet
lene, and one end was connected to an infusion pump
ard Apparatus, South Natick, MA) while the other end
rained into a large glass container. A drawing of the fl
hantom is shown in Fig. 2a. The infusion pump was
utside of the Faraday (RF) shielded room, and the polye
ne tubing was fed from it through an RF quarter-wave fi
nd formed into a spin polarizing coil about 10 ft in length n

he center of the magnet bore before it entered the RF coil
nfusion pump was calibrated before the studies. The err
he flow setting for the full range was within 5% (data
hown).
All studies were performed with a 4-T Varian/Sieme
hole-body instrument, and utilized a 10-cm (ID) home-m
radient insert. TheT*1 value was measured by using
URR (progressivelyunsaturatedrelaxation during perturbe

ecovery from inversion) pulse sequence (25) with only one
imension of spatial encoding (a transverse (Y) projection of

he two tubes). Following an inversion pulse (with or with
slice selection), 64Z slice-selective 5° read (observe) pul
ere applied and (echo) data were collected immediately
ach pulse (Fig. 2 of Ref. (25)). The 5° read pulse flip ang
as sufficiently small to avoid affecting theT*1 value by
ook–Locker perturbation (25). Sinc-shaped pulses of durati
.024 ms were used for the read and inversion irradiat
espectively, with their amplitudes appropriately adjus
onsequently, the band widths of the read and inversion

ations were 5.8 and 4.3 kHz, respectively. The slice-sele
gradient strengths for the read and inversion pulses

djusted accordingly, and the slice thickness values wer
ermined. Constant-flow experiments were conducted in
roups. In Group I, the read slice thickness (So) was kept at 1
m, while the inversion slice thickness (Si) was varied. In
roup II studies,So was varied, whileSi was kept constant. I
oth groups, the read and inversion slab center planes we
ame as that of the RF coil. The transverse field of view (F
as 20 mm, the repetition time (TR) 12 ms, the echo time
.5 ms, and the inversion recovery time (TI) variedfrom 38 ms

o 21 s with spacing increasing logarithmically (25).
All raw (echo) data were first Fourier transformed, and
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106 LEE ET AL.
esulting complex (projection) data were phased by usin
eractive Data Language (IDL; Research Systems, Inc., B
er, CO) software. Then, projection from three different
ions of interest (ROI), one spanning both tubes and on
ach tube individually, were integrated before the inte

FIG. 2. (a) A drawing of the flow phantom in which there were two s
he other has fluid running through it with a volume flow rate ofFv, after p
ongitudinal relaxograms obtained from the two-tube phantom with increa
hatSo 5 Si (512.5 mm). The ordinate shows the volume flow rate in mL
or the experiments withFv 5 0.0 and 16 mL/min, respectively. The sol
elaxograms in the stacked plot. (c) Flow longitudinal relaxograms obtain
as 1/Si as the ordinate axis. At the top and the bottom are shown the
espectively. The solid lines through the data are the effective Laplace
-
l-
-
or
l

ecay data were analyzed by CONTIN. The latter provid
tatistical nonparametric approach that is “not predicate
pecific model assumptions” (25). For example, this numeric
grid-method” produces distributions of relaxation times w
ut positing discrete exponential components. There is at

e-filled tubes placed inside an RF coil. One tube was sealed at both e
ing through a large spin polarizing coil (see text for details). (b) Flow1H2O
gThe stacked plot represents data obtained with a slice-selective inversio
n. At the top and the bottom are shown the inversion recovery data (fille
ines through the data are the effective Laplace transforms of the corre
with constantFv (4.0 mL/min) and differentSi values. The stacked plot in the cen
ersion recovery data (filled circles) for the studies with 1/Si 5 0.5 and 1.0 cm21,
sforms of the topmost and bottommost relaxograms in the stacked plo
alin
ass
sinFv.
/mi
id l
ed
inv
tran
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107USING FLOW RELAXOGRAPHY TO ELUCIDATE FLOW RELAXIVITY
ne other similar program available (28). The abscissae of th
ongitudinal relaxograms in this paper measure logT1 (really,
og T*1), and the ordinates are corrected to present “equal
isplays, in which peak areas may be planimetrically comp
25).

RESULTS

Figure 2b shows a stacked plot of the longitudinal rela
rams obtained from experiments in which the volume
ate,Fv, in the polyethylene tube was varied from 0.0 to
L/min, while the inversion slice selection width was k

onstant at 12.5 mm (i.e., 1/Si 5 0.80 cm21), the same as th
bserve selection width,So. The abscissa is linear in the log

he T*1 value, and the global vertical axis of the stacked
easuresFv. These represent relaxographic results obta
y analyzing data from the ROI spanning both tubes. Whe
ater in the polyethylene tube is stationary (Fv 5 0.0 mL/
in, top), only a single relaxographic peak is observed. Ab

he stacked plot are shown the inversion recovery data p
filled circles) from the experiment withFv 5 0.0 mL/min.
he solid line (essentially indistinguishable from the points

he effective LT of the top relaxogram. The root mean sq
alue (b) of the residuals, relative to the full ordinate range
, is 0.62%. As the value ofFv increases, the initial single pe
hifts to lowerT*1 values, and two peaks have emerged w
heFv value has reached 4.0 mL/min. The peak at the sm
pparentT1 value (T1S) in the relaxogram can be clea
ssigned to the signal of the flowing water and that at the

1 value (T1L) to nonflowing water. This is confirmed belo
he data points (filled circles) from theFv 5 16 mL/min
xperiment are shown at the bottom, and the value ofb for the
olid line there is 1.43%. It is interesting to see a sin
elaxographic peak from the NMR signal of a flowing sam
he individual spins in the ensemble giving rise to the signa
ontinually changing. The graphic nature of flow relaxogra
s quite unique and important.

Figure 3a depicts plots of the relaxographic results of Fig
So 5 Si), the results of experiments analogous to those of
b but with a non-slice-selective inversion (So , Si), and the
esults from the same experiments but with data taken from
OI spanning only flowing water. The ordinate reports
alue of the pseudo-first-order relaxation rate constant (R*1 5
/T*1) taken from the position of the relaxographic peak m

mum. The filled and open symbols represent data from s
nd non-slice-selective inversion experiments, SS and
espectively. The filled circles represent the position of
ingle peak of Fig. 2b (SS) before emergence and that o

1S peak after emergence while the open circles represen
nalogous NSS case. The filled and open squares repres
osition of theT1L peak of Fig. 2b (SS) and the NSS ca
espectively. The results from the case in which the rel
rams were obtained from the ROI with only flowing water
hown as filled and open diamonds for the SS and NSS stu
a”
d

-

t

t
d
e

e
ts

s
re
f

n
er

e

e
:
re
y

b
g.

he
e

-
e-
S,
e
he
he
the

,
-

es,

espectively. The dashed lines drawn in Fig. 3a are inte
nly to guide the eye. The good agreement between the
onds and circles (both filled and open) demonstrates

eliableness and successfulness of the CONTIN analyses
ata from the ROI spanning both tubes (circles) and also s

o confirm the assignments of the relaxographic peaks t
rom. The inset shows theT1S relaxographic peak area fracti
alues as filled and open triangles for results from experim
ith SS (Fig. 2b) and NSS, respectively. TheT1S peak are

raction,aS/(aS 1 aL), decreases asFv increases and reach
plateau of about 0.40 whenFv is larger than 0.1 mL/s for th
S (So 5 Si) case (Fig. 2b). This area fraction value of 0.4

n excellent agreement with the actual fractional ID cr
ectional area (A) of the polyethylene tube (relative to the s
f itself and that of the glass tube), which is 0.38. For the N
aseSo , Si), however, theFv value must exceed 0.27 mL
n order foraS/(aS 1 aL) to approach its plateau value. It
uite interesting to note that the peak area fraction curve s

s very different from that of a study of yeast cell suspens
sing an extracellular relaxation regent (25). This difference is
ost likely due to the fact that the latter represents a

nvolving microscopic compartments in intimate contact,
ween which an equilibrium water exchange process is o
ng.

Figure 2c shows a stacked plot of longitudinal relaxogr
btained from a series of five Group I experiments du
hich theFv value was keptconstantat 4.0 mL/min (0.067
L/s). In these experiments, the only experimental param

aried was the thickness of the inversion slice,Si. The globa
rdinate of the stacked plot is the reciprocal of this s

hickness, 1/Si (in cm21). Thus, when 1/Si is its smalles
topmost relaxogram), only one relaxographic peak is
erved. Above the stacked plot are shown the inversion re
ry data points (filled circles) from that experiment, with 1Si

0.5 cm21. These represent relaxographic results obtaine
nalyzing data from a ROI containing both tubes. As be

he solid line is the effective LT of the topmost relaxogram
he b value of the residuals is 3.8%. As the value of 1/Si is
ncreased, the single relaxographic peak shifts to smalleT1

alues, and then splits into two peaks. Again, theT1S peak
epresents the flowing spins while theT1L peak is that of th
ignal from the nonflowing spins in the sealed tube. The
oints (filled circles) from the 1/Si 5 1.0 cm21 experiment ar
hown below the bottom relaxogram. There, the value ofb is
nly 1.6%. It is important to note that, in this experiment,
ow rate was unchanged. Thus, theT*1 value of the flowing
pin magnetization is changing because we are adjustingr1F in
q. [1], not Fv.
Figure 3b shows plots ofR*1 as functions ofFv (in mL/s) at

ifferentSi values (the vertical arrays are Group I studies).
*1 values were obtained from the ROI containing only flow
ater. The filled symbols represent data from experiments

i values of 10–30 mm, the slope decreasing with increasiSi

alue. The solid lines drawn through them result from lin
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east-squares (LLS) fittings. Only the slope was varied in
tting. The intercept was kept at 0.363 s21, which is the
eciprocal of the averageT1 value of all measurements of t
onflowing saline water signal (n 5 10). Theopen circles
epresent data from experiments with the same paramet

FIG. 3. (a) Plots of relaxographic peak parameters from slice-select
Si 5 4So, in the present case). Shown as well are the relaxographic r
ependence of the relaxographic peak positions (shown as reciprocal v
efore emergence and theT1S peak after emergence for the SS (Fig. 2b) an
mergence for the SS case (Fig. 2b) and NSS, respectively. The filled an
ater with the SS case and NSS case, respectively. TheFv dependence of th

riangles for SS (Fig. 2b) and NSS, respectively). The dashed lines are
s functions ofFv. The filled symbols represent data from experiments wS
he open circles represent data from an experiment with a non-slice-se
lopes were the only variables.
h

as

hose of the filled symbols except without a slice-selec
radient applied during the inversion pulse (i.e.,So , Si). The
olid line drawn through them is the result of a LLS fitting w
he same intercept fixed as above. The slope of this line is
L21.

(SS) (Fig. 2b,Si 5 So) and from analogous non-slice-selective (NSS) experim
lts from the ROI spanning only the flowing water. The main graph shFv

s on the ordinate,R*1 5 1/T*1). The filled and open circles represent the single p
he NSS case, respectively. The filled and open squares represent theT1L peak afte
pen diamonds represent the values for the single peak from the ROI withing
rea fraction (aS/aS 1 aL)) of theT1S peak is shown in the inset (filled and op
nded only to guide the eye. (b) Plots of the first-order relaxation rate ctant (R*1)
10.0, 12.5, 15.0, 17.5, 20.0, and 30.0 mm from top to bottom, respect

tive inversion. The solid lines drawn through them result from LLS fittinand the
ive
esu
alue
d t
d o
e a
inte
ithi 5
lec



e
v ver
s e
i
a
0 ce-
s s
t n
a all
n are
s ion
e wi
t nt
a (no
s on
a ell
a pl
f
H th
m e.
M

d
v fille
s .0
c wi
F an
0 es
d er-

c
m
[ very
g is
0
c have
n

pe
( d,
t roxi-
m g.
5 cept
i lue
o e
t e-
t The
s peri-
m

I
c
0 up I
e ,
w dies
i m,
r e the
e n
r
fi ple
m

ted
f
r

109USING FLOW RELAXOGRAPHY TO ELUCIDATE FLOW RELAXIVITY
Figure 4 depicts a plot ofV*, the reciprocal of the slop
alues of the lines resulting from the slice-selective in
ions in Fig. 3b, as a function ofSi (in cm). The dotted lin
s the result of a LS fitting for an empirical equationV* 5

z Si
b. The coefficienta is 0.0508,b is 1.33, andr2 5

.999. Thereciprocal of the slope value of the non-sli
elective inversion data in Fig. 3b, 0.413 cm3, correspond
o an abscissa value of 4.8 cm in Fig. 4 (data point show

square). This means that the experiment with form
on-slice-selective inversion does in fact have an app
election slice 48 mm thick, in which the magnetizat
xperiences inversion. This is in very good agreement

he 47-mm length of the RF coil used for these experime
nd with a coronal view image of the phantom sample
hown). TheSi dependence of the data in Fig. 4 is reas
bly linear whenSi is smaller than 2.0 cm, and is w
pproximated by the solid line calculated from the sim

orm of Eq. [8] that neglects theVo term (i.e.,V* 5 0.5Vi).
owever asSi increases above 2.0 cm (in this case),
easuredV* value deviates from this theoretical valu
ost generally, we can state thatV* asymptotes toVi/2.
Figure 5a shows plots ofR*1 as functions of 2(Si)

21 for
ifferent Fv values (each line is a Group I study). TheR*1
alues were obtained from the data represented by
ymbols in Fig. 3b for the fiveSi values not more than 2
m. The symbols represent data from the experiments

v values of 16, 12, 10, 8.0, 6.0, 4.0 (Fig. 2c), 2.0, 1.0,
.0 mL/min from top to bottom, respectively. The solid lin
rawn through them result from LLS fittings with the int

FIG. 4. Plots of the reciprocal of the slope values from Fig. 3b as a
rom the first term on the RHS of Eq. [8]. The dotted line is the result of
2 is 0.999). A horizontal line forV* 5 Vo (implied in the literature) is als
-

as
y
nt

th
s,
t
-

e

e

d

th
d

ept held again at 0.363 s21. Only the slope,Fv /A (The
ean flow velocity,according to theVi term of Eqs. [1] and

8]), was varied in each fitting. The agreements are
ood. Since the value of^ A& calculated from these slopes
.12 cm2, while the actual value for the tube is 0.11 cm2, one
an consider that the lines drawn in Fig. 5a essentially
o adjustable parameters.
Figure 5b depicts a plot of theFv dependence of the slo

F1) values for theR*1 vs 2/Si plots in Fig. 5a. As just state
his slope, and hence the ordinate of Fig. 5b, can be app
ated asFv /A, the mean flow velocity. The solid line in Fi
b is drawn according to this approximation. Thus, its inter

s zero and its own slope isA21, as suggested above. The va
f A was taken to be 0.111 cm2 from the ID of the polyethylen

ube,p(3.76 mm/2)2. Given that it has no adjustable param
ers, the agreement of this line with the data is excellent.
ystematic offset of the data from the theory is due to ex
ental imperfections (see below).
Finally, Figure 6 shows plots ofR*1, obtained from the RO

ontaining only flowing water, as a function ofSo/Si for Fv 5
.1 mL/s. The open diamonds represent data from Gro
xperiments in whichSo was kept at 10 mm andSi was varied
hile the filled squares and circles data from Group II stu

n which So was varied andSi was constant at 20 and 40 m
espectively. The dashed lines are intended only to guid
ye. It is very clear that whenSi $ So the apparent relaxatio
ate constant depends onSi but not noticeably onSo. This
nding is very intriguing, and strongly supports our sim
odel thatV is the critical variable.

tion ofSi. The ordinate isV*. The bold solid line represents the values calcula
LS fitting based on the empirical equationV* 5 a Si

b (a 5 0.0508;b 5 1.33;
hown.
func
an
o s
i
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DISCUSSION

The results in Figs. 2–5 demonstrate that flow relaxogra
s accomplished by CONTIN analysis, can be very quan

ively accurate. From Fig. 3a, we learn that relaxography

FIG. 5. (a) Plots of the 2/Si dependence of the apparentR1 values ob
xperiments withFv of 16, 12, 10, 8.0, 6.0, 4.0 (Fig. 2c), 2.0, 1.0, and 0
ith the intercept held at 0.363 s21. However, they are also essentially cal

he lines from theR* vs 2/Si plots of (a) as a function ofFv (filled circles). Th
f the tube with the flowing fluid. Since this line must go through the or
y,
a-
n

uantitatively separate the NMR signals of flowing and
ionary spins if the value ofFv is large enough that the ratio

1L/T1S is greater than 3. For anFv value above this thresho
oint, the peak area fractions become the “true” value
omparable (Fig. 3a inset). Importantly, however, the sig

ed from relaxograms of flowing water. The symbols represent data fro
L/min from top to bottom, respectively. The solid lines result from LLS
ted with no adjustable parameters. See text. (b) Plots of the slope (F1) values of
olid line is calculated asFv /A, using the cross-sectional area,A 5 0.111 cm2,
, it has no adjustable parameters.
tain
.0 m
cula
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an still be discriminated even at lowerT1L/T1S values. The
act that theT1S

21 values extrapolate to the independently m
ured “stationary” value (0.363 s21) (this is also seen in Fig
b and 5a) means thatT*1 values returned by CONTIN can
sed to measure absolute flow rates. The agreement be

heory and experiment seen in Fig. 5b reinforces this.
The fact that a good correlation between theory and ex

ment is observed in Figs. 3–6 also indicates that our
imple model is remarkably good at describing the longitud
elaxation processes associated with flow-induced coh
otion in NMR. It is clear that the apparentR1 is solidly

orrelated withFv. However, the observedR1 does not rea
heFv directly: the quantitiesT1 andV* must also be known

The value ofT1 for blood 1H2O is difficult to measurein
ivo,since the experimenter may not stop the blood flow. T
ost investigators assume it to be the same as the
easuredex vivo. However, Eq. [1] suggests that one c
btain theT1 value for blood1H2O, without turning off the
ow, by varyingSi, thereforeV*, and thereforer1F. This has
een proved and demonstrated for a phantom sample in
c and 5a.
Also, from Eq. [1], we learn that one is still not able

xtract theFv value if one knows only the value ofT1. What
s really obtained by comparingR1 andR*1 is the mean trans
ime (tF) for approximately half the volume of fluid in whic
he 1H2O magnetization was perturbed to pass through
olumeVo. This is the same as the mean residence time o
agged molecules inV*, and it is this that is the reciprocal

1F. Thus, we have found that the flow relaxivity is domina
y the reciprocal of the upstream tagging volume, (V*) 21,

FIG. 6. Plots of the apparent relaxation rate constant of flowing wate
epresent data from experiments in whichSo was kept constant at 10 mm
xperiments in whichSo was varied andSi was held constant at 20 and 4
-

een

r-
ry
l
nt

s,
lue

gs.

e
e

hich can be approximated as (Vi/2)21. Apparently the size o
he detector, the magnitude ofVo, can often be ignored. Thu
he empirical flow relaxivity is essentially the reciprocal of h
f the tagging volume, (Vi/2)21. This is quantitatively demon
trated in Fig. 4. IfV* is equal to Vo (as implied in the
iterature), the data should follow the horizontal line in Fig
ecauseVo is held constant. It definitely does not do this.
It may seem that the determination ofVo andVi is obvious

ince the slice thickness, the RF coil length, andA quantities
re all well defined. However, this is not necessarily true. F

he slice thickness profile may not be perfect (29). Second, th

1 field may not be homogenous (12, 13). Third, the flow
attern is never perfectly defined (19). Fourth, the nuclei ma
ot be fully magnetized and/or demagnetized due to flow
uid moving in and out during the process of RF excitation
agnetization polarization (9). Fifth, in any biological case

he signal from flowing spins in the detected region will co
ete with considerable signal from nonflowing spins (5). The

act that some of the data in Fig. 3b deviate from the stra
ines predicted by Eq. [1] may be due to one or more of the
our factors. For example, the effectiveVi (andVo) is smaller
t largerFv because of incomplete irradiation during the lo
4.5 ms) sinc-shaped pulse. Consequently,R* increases. Thus
he difference between the calculated and measured ups
nversion volume in this study (Fig. 4) suggests that

ethod may be the best way to test the actual calibration o
ffective detected and inversion thicknesses and/or vol
ssociated with flow.
In the in vivo application, there are other consideration

nticipate. For perfusion studies, one may have an ensem

a function ofSo/Si. The flow rate was constant at 6.0 mL/min. The open diam
was varied (Fig. 5a), while the filled squares and circles represent data
m, respectively. The dashed lines are intended only to guide the eye.
r as
andSi

0 m
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112 LEE ET AL.
essels entering the read slab with a distribution ofFv values
lso there can be a distribution of angles at which the ve
nter the slab. The theory here was derived for flow per
icular to the slab.
For many recent perfusion studies (30–32), So/Si is assume

o be either 1 (slice-selective inversion, the so-calledflow
ensitivecondition) or 0 (non-slice-selective inversion,
o-calledflow insensitivecondition): thus, assumingSi 5 So or

i @ So, respectively. But one must be cautioned thatSo/Si is
ever actually equal to zero when non-slice-selective inve

s employed. This is especially true for small animal stu
33), since the edge effect of the typically smaller RF coil
roduce selection of a large, but still finite, slice. Therefore
lood flow rate determinations for small animals may h
een overestimated by studies utilizing comparison betw
lice- and non-slice-selective techniques.
In conclusion, the most important finding of this study

hat, in the general case, the flow relaxivity,r1F, is best simply
pproximated as (Vi/2)21, although the literature would lea
ne to think it is (Vo)

21. Empirically, we found thatr1F

symptotes to (Vi/2)21 regardless the size of theVo. However
he deviation of the data from this simple theory at a largeSi

nd/orFv will need further investigation. We estimate that
rror of our flow measurement is within 15%.
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