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We have investigated the theoretical and experimental linear
dependence of the reciprocal of the apparent longitudinal relax-
ation time [(T7)~*] of the NMR signal from spins in a flowing fluid
on the volume flow rate, F,,, the so-called inflow effect. We refer to
the coefficient of this dependence as the longitudinal flow relaxiv-
ity, r,. A very simple model predicts that, under a range of
conditions pertinent to modern flow studies and perfusion imaging
experiments, r,. is controlled by the volume of the fluid in which
the magnetization is perturbed by pulsed RF inversion or satura-
tion, not the detection volume, and that it can be approximated as
the reciprocal of half of the inversion volume. Phantom sample
experiments, using a new, quantitative approach that we call flow
relaxography, confirm the general predictions of this simple model.
There are two intriguing implications of these findings for general
NMR flow studies as well as for medical applications. It should be
possible to vary the value of r, by simply (noninvasively) adjust-
ing the inversion slice thickness, and thus measure the value of
(blood *H,0, for example) F, in a vessel without changing F,,
from the resultant varying T3 values. Also, it should be possible to
extrapolate to the intrinsic T, value of the fluid signal (as if it were
stationary), without altering or stopping the flow. Again, these are
quite successful in phantom sample studies. Imaging versions of
the flow relaxographic experiments are also possible. The twin
goals of flow studies in medical MRI are the quantitative discrim-
ination of the signals from flowing and nonflowing spins, and the
accurate measurement of the flow rate of the former. © 1999 Academic

Press

INTRODUCTION

It has been long known that flow can affect the appareR
longitudinal relaxation time ;) of the magnetic resonance

flowing out 2—4). Fortunately, the determination of flow rate
by NMR is possible without the injection of an exogenous
tracer molecule (chemical tagging), because pesturbed
flowing nuclear magnetization can be thought to act itself as &
NMR tracer (endogenous tracer, or so-called magnetic “tac
ging”). The formation of the magnetic tagging can be conse
guent to nuclear magnetization or demagnetization by the stat
magnetic field By), or to magnetization saturation or inversion
by the RF magnetic fieldq;). It is on the basis of these NMR
principles that flow effects include time-of-fligh8,(5-9, in-
flow/outflow (1, 10—13, phase modulationl4-18, or com-
binations of thesel@). The basis of the time-of-flight method
is to measure the time taken by tagged magnetization to trav
the distance between two coils. This method provides flov
velocity directly, but is difficult to implemenin vivo (9, 20.
The phase modulation method is relatively more complicatec
has its own difficulties (e.g., phase aliasing and motion sens
tivity (21)), and does not easily discriminate the contributior
from water diffusion 17, 22, 23. To date, methods employing
the inflow/outflow effect, with and without the time-of-flight
effect, probably are the most commonly used. However, il
order to quantify the flow rate precisely, one needs to know th
intrinsic T, value of the signal from the flowing spins that
would obtain if the fluid were stationary, along with the ap-
propriate sensitive volume. Thus, most practical studies ce
provide only qualitative information.

In this report, we introduce the concept of the longitudina
flow relaxivity; and, along with using relaxographic ap-
{oaches 24, 29, we are able to accurately measure the vol
ume flow rate and the intrinsi€, value for the signal from a
phantom sample.

signal from spins in a fluid1=3). The effect of flow (which
involves coherent motion) will, in principle, not affect the

intrinsic relaxation of NMR signals since the latter is due to
random (incoherent) molecular motion. Consequently, flow

will also not alter the intrinsic intensity of the NMR signal. |t has been known almost since the discovery of NMR tha
However, the net magnetization of the sample in the regigRe coherent movement of a flowing fluid can alter the appare!
detected is altered if the molecules flowing into this regiopngitudinal relaxation time of the signal arising from spins
have a different magnetic or chemical nature than that of thasgntained thereini 10. Under many conditions, this apparent

relaxation time remains effectively single-valued; that is, the

1To whom correspondence should be addressed. Fax: (516) 344-5g®jaxation can be treated as mqnoexporyenli,aZ(Z@. AS will
E-mail: jlee@bnl.gov. be seen below we have confirmed this by applying a nev
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quantitative techniqudlow relaxographyjn an extensive set magnetization outsid¥®; is, and remains, at Boltzmann equi-
of inversion recovery experiments. Furthermore, the appardibtium (Mg, for B andT).
relaxation rate constant is often linearly dependent on theFigure 1b (left) illustrates the recovery of magnetization
volume flow rateF, (2, 19, 2§. Although we are not aware after inversion, that islue only to relaxatiorfi.e., F, = 0). It
that anyone has done so, this means that one can expressishaglot of the magnetization M,, M,(t), as a function of time
effect in arelaxivity equation after the inversion (i.,eM,(0) = —Mg). The curve is that of
a single exponential, witfi, = 1.13 s inthis case. In Fig. 1b
(right), one sees the distribution ©f values that describes the
(TH = (T) *+re-Fy, [1] recovery in 1b (left), thdongitudinal relaxogram(25). As
related under Experimental, this was obtained by submittin
discrete points (coordinate pairs) from the recovery curve t
where T is the apparent relaxation tim@&, is the intrinsic the computer program CONTIN. Thislaxographyprocess is
relaxation time (as if the fluid were stationary), and can be effectively the inverse Laplace transformation (ILT) of the
termed thdongitudinal flow relaxivity. recovery curve. Of course, the relaxogram returned by CON
From dimensional analysis, it is clear that must have the TIN is essentially a-function in this case.
dimension of reciprocal volume Y¢) ~*]: F, has dimensions  In Fig. 1c (left) is shown the recovery of magnetization
of (volume/time). Thus, the product. - F, is a reciprocal due only to flow(i.e., T, = «). The curves depict the ways
time constant [i) ~*]. The prose characterizations of this timghat two different limiting flow velocity patterns change
constant in the literature have varied. Thus, Degtigl. de- magnetization due to the flow of spins into and out\gf
scribed it as (translated from the French) the “time necessdrlye solid and dotted lines represent the plug flow an
for a 1/ fraction of the saturated spins to flow out of théPoisseuille (simple laminar) flow patterns, respectively. Fo
resonance volume’lj. Singer suggested that a derivation fronthe plug flow model, the magnetization starts-&¥l, after
a modified form of Bloch’s differential equation leads to athe inversion RF pulse, and remains as such wntil0.5 (V;
interpretation oftz as the mean time for a flowing spin in the— V_)/F,,, whenM, fluid begins to ente¥,. Then itlinearly
detection volume\(,) (2), which is not the same as that of theecoversto M, as the plug with—M,, is washed out o¥,,
French group. Jones and Child repeated Singer’s re26)t ( The time increment for all of the magnetization ¥, to
and Hemminga repeated Singer’s stated derivati®). (The reachMg is V,/F,. In this simulation, we chos§ = 2S..
implication of the Singer interpretation is thét = V,. As far For the laminar flow model, we used equivalent paramete!
as we are aware, these differing implications have never begeng., the average velocity in the laminar flow was set equz
carefully examined. Hemminga and coworkers did reportta that of the plug flow 4, 19). The laminar flow model
transverseaelaxation study, in which they found the equivalentequired following the increasing incursion of a volume of
of r¢ to be (1.4 V)~ * (12). They attributed this discrepancymagnetizatiorM, into V, with an ever-growing front having
(with both of the above interpretations) to an inhomogeneouke shape of a parabolic cone, and utilizing the volume
B, field, which had a particularly important effect on theiweighted distribution of flow velocities4( 19. It is inter-
transverse relaxation measurement. Perhaps a major reassting to observe that, for both models, the magnetizatio
that these ideas have not been tested is that, early on, it seemeatthes ¥ of the differencefrom equilibrium Mg) of its
difficult to do so. The value oY, could ostensibly be varied initial value at the same time (the intersection of the twc
only by employing a series of single-coil (or crossed-coiljnes in Fig. 1c (left)). The abscissal value of this pointds
transceiver systems of different dimensions. However, the iand the model parameters were chosen so that it eque
troduction of the slice-selection concept by Garrovayal. 1.13 s (i.e., it is the same &3 in Fig. 1b (left)). The ILTs
(27) provided a facile way of accomplishing this test. Wef the two curves in Fig. 1c (left) produce the relaxogram:s
employ this approach in the present paper. in Fig. 1c (right), presented with corresponding solid anc
Before we present our results, however, let us revisit tliotted lines. These are essentially indistinguishable. Obv
theory with the simplest possible model. Figure 1a depictsoasly, the main consequence of the shape difference in tt
tube of cross-sectional area A, with fluid flowing from left taccurves in 1b (left) and 1c (left) is a broadening of the single
right. The detection volume will be determined by the sliceelaxographic peaks in 1c (right) compared with that in 1t
thickness,S,, selected for the read RF pulses applied duringight). The peak area is unchanged. This broadening |
the recovery from inversion. The volume of fluid whose nuntuitive in the sense that one can think of the curves in 1
clear magnetization is invertet;, can be independently con-(left) as having contributions from components with both
trolled and varied by selecting the sample thickn&ssub- larger and smaller time constants than that of 1b (left). Th
jected to the inversion RF pulse. For the considerations hefact that these components are not resolved in the resultir
these two slices will always have identical slab center planedaxograms, 1c (right), is a consequence of the “non
(that of the RF coil). Assume that the magnetization indfde unique” nature of the ILT, and the necessarily numerica
(which includesV,) is inverted at time zero, and that theapproximation to it 25). It is important to note, however,
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FIG. 1. (a) A drawing of a simple model for a fluid flowing in a cylindrical vessel. Some important parameters are indicated. (b) The time depende
the recovery of longitudinal signal due to only relaxation with a sirglevalue of 1.13 s, and the relaxogram that is its inverse Laplace transform. (c) Tl
recovery associated with only flow. The solid and dotted lines represent the recoveries caused by plug flow and simple laminar flow, respectiyieigd The
essentially identical longitudinal relaxograms. (d) The recovery due to simultaneous relaxation and plug flow, and its relaxogram.

that the two flow patterns represented in Fig. 1c actualfiow recoveries of 1b and 1c. The ILT of this curve, in Fig. 1d
bracket the cases of turbulent flok9), and thus are the (right), shows a single broadened relaxographic peak that h
limits of practical flow patterns for most reasonable situdeen shifted to a position approaching the valye-(T, +
tions. There are imaging pulse sequences that can discrig) * (note the log scale for the abscissa). Let us derive thi
inate velocity patterns in the flow of a fluid though a largéatter quantity.
vessel 18). The transform arrow in Fig. 1c is not double- In the wide range of conditions under which the measure
headed because the LT of the relaxogram of 1c (right) isracovery is empirically single exponential, we may use :
smoother curve more like the laminar flow recovery in 1simple exponential theory. Thus, we can model the chang
(left) than the plug flow recovery, but not exactly identicabf magnetization due to the recovery from inversion, and th
to either of them. change of magnetization due to the flow into and flow out o
In Fig. 1d (left), we have convolved the relaxation and pluy, as parallel pseudo-first-order kinetic processes (the twc
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terms on the RHS of Eq. [1]). These are shown, respectivahe flow relaxivity altogether. We will show that our experi-

as mental results are consistent with these predictions. On tl
other hand, whew, = V,, which was the case for most early
T ! experiments, Eq. [8] reduces Y = 0.63V,. Note that this
M,(0) ——— M, [2] is not the same as either the Frenth[V* = 0.37V] or the
Singer @) [V* = V] interpretations. However, as pointed out
et above, these interpretations were never really tested.
M,(0) ———— M,. [3]

EXPERIMENTAL

The expanded differential form of the Bloch rate law can thus

be written as Two cylindrical tubes filled with saline solutions (150 mM

NaCl) were placed inside a 4.7-cm long circularly polarizec
birdcage RF coil (ID= 4 cm) and oriented parallel B,. One
[4] tube was made of glass (1B 4.85 mm) and was sealed at both
ends. The other tube (I3 3.76 mm) was made of polyeth-
o ] S ylene, and one end was connected to an infusion pump (He
and, from our definition off’; given above, simplified as  yarq Apparatus, South Natick, MA) while the other end wa:
drained into a large glass container. A drawing of the flow
phantom is shown in Fig. 2a. The infusion pump was kep

sz(t) N MO - Mz(t) MO - Mz(t)
a 0T, Tt

sz(t) - MO - Mz(t)

dt T ' [5] outside of the Faraday (RF) shielded room, and the polyethy
ene tubing was fed from it through an RF quarter-wave filte
A definite integration of Eq. [5] leads to and formed into a spin polarizing coil about 10 ft in length nea

the center of the magnet bore before it entered the RF coil. Tt
M,(t) — M, t t t infusion pump was calibrated before the studies. The error ¢
A = eXp— = | = exp(— - ex . [6] the flow setting for the full range was within 5% (data not
M,(0) — M, T

shown).

All studies were performed with a 4-T Varian/Siemens
whole-body instrument, and utilized a 10-cm (ID) home-mads
: radient insert. TheT? value was measured by using the
U'%T]t)'s t_is proerly described as the ti ired f thPURR (progressivelyunsaturatedelaxation during perturbed

us, g IS properly 'oed as the time required for Fecovery from inversion) pulse sequen@s)(with only one

difference from its equilibrium magnitude of the inStantaneOLfﬁmension of spatial encoding (a transver¥g projection of

magnetization insid¥, [.Mz(t)].to decrease to Bof ts initial the two tubes). Following an inversion pulse (with or without
value,bgcause of flowSincety 'S V*/F, (from above-), Wecan 7 gjice selection), 6Z slice-selective 5° read (observe) pulses
now write the correct expression fuf*, for the configuration : ) .
of Fig. 1a, as were applied a}nd (echo) data were collected |mmeQ|ater aft
' each pulse (Fig. 2 of Ref2p)). The 5° read pulse flip angle
was sufficiently small to avoid affecting th&” value by
Look—Locker perturbation?2t). Sinc-shaped pulses of duration
1.024 ms were used for the read and inversion irradiation
This can be easily understood in terms of the plug flow modgispectively, with their amplitudes appropriately adjusted
becausey. is the time required for the upstream (trailing) edggonsequently, the band widths of the read and inversion exc
of the V; plug to reach the point - (1/e), 0.63, of the way tations were 5.8 and 4.3 kHz, respectively. The slice-selectiy
throughV,. Another way to visualize this is to useflawing 7z gradient strengths for the read and inversion pulses we
frame of reference, in which the fluid is stationary aMd adjusted accordingly, and the slice thickness values were d
moves to the left (in Fig. 1a) &, . In this picturefr is the time  termined. Constant-flow experiments were conducted in tw
required for the upstream edge\df to move past the upstreamgroups. In Group |, the read slice thickneSg)(was kept at 10
edge ofv;, and further, to a point where 0.63'df is out ofVi. ' mm_  while the inversion slice thicknesS) was varied. In

T

te
Of course, T% is given by ;% + t=1) %, which is the
T,te(T, + tz) ! position marked on the abscissa of Fig. 1

VE=[1— (Le) ]V, + [(Vi/2) — (Vo 2)]. [7]

Equation [7] simplifies to Group |l studiesS, was varied, whileS, was kept constant. In
both groups, the read and inversion slab center planes were 1
*=0.50V; + 0.13V,,. [8] same as that of the RF coil. The transverse field of view (FOV

was 20 mm, the repetition time (TR) 12 ms, the echo time (TE
We see that, perhaps surprisingly, ¥econtribution tov* is 5.5 ms, and the inversion recovery time (TI) varfezm 38 ms
largely canceled. In fact, whevi is noticeably larger thaW,, to 21 s with spacing increasing logarithmicalBay.
a simple approximation allows us to drop t¥gcontributionto  All raw (echo) data were first Fourier transformed, and the
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FIG. 2. (a) A drawing of the flow phantom in which there were two saline-filled tubes placed inside an RF coil. One tube was sealed at both ends
the other has fluid running through it with a volume flow rateFgf after passing through a large spin polarizing coil (see text for details). (b) FHg®
longitudinal relaxograms obtained from the two-tube phantom with incre&singhe stacked plot represents data obtained with a slice-selective inversion st
thatS, = S (=12.5 mm). The ordinate shows the volume flow rate in mL/min. At the top and the bottom are shown the inversion recovery data (filled ci
for the experiments witli-, = 0.0 and 16 mL/min, respectively. The solid lines through the data are the effective Laplace transforms of the correspo
relaxograms in the stacked plot. (c) Flow longitudinal relaxograms obtained with coRstéh© mL/min) and differen§ values. The stacked plot in the center
has 18 as the ordinate axis. At the top and the bottom are shown the inversion recovery data (filled circles) for the studie§ wit.4/and 1.0 cm?,
respectively. The solid lines through the data are the effective Laplace transforms of the topmost and bottommost relaxograms in the stacked plot.

resulting complex (projection) data were phased by using Idecay data were analyzed by CONTIN. The latter provides
teractive Data Language (IDL; Research Systems, Inc., Bostatistical nonparametric approach that is “not predicated c
der, CO) software. Then, projection from three different respecific model assumptions2%). For example, this numerical

gions of interest (ROI), one spanning both tubes and one fgyrid-method” produces distributions of relaxation times with-
each tube individually, were integrated before the integralit positing discrete exponential components. There is at leg
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one other similar program availabl2g). The abscissae of therespectively. The dashed lines drawn in Fig. 3a are intende
longitudinal relaxograms in this paper measureTqgreally, only to guide the eye. The good agreement between the di
log T%), and the ordinates are corrected to present “equal areadnds and circles (both filled and open) demonstrates tt
displays, in which peak areas may be planimetrically comparegliableness and successfulness of the CONTIN analyses of t
(25). data from the ROI spanning both tubes (circles) and also serv
to confirm the assignments of the relaxographic peaks ther
RESULTS from. The inset shows thE, s relaxographic peak area fraction
values as filled and open triangles for results from experimen
Figure 2b shows a stacked plot of the longitudinal relaxavith SS (Fig. 2b) and NSS, respectively. Thgs peak area
grams obtained from experiments in which the volume flofvaction,ad/(ag + a,), decreases ds, increases and reaches
rate, F,, in the polyethylene tube was varied from 0.0 to 1@ plateau of about 0.40 whé,, is larger than 0.1 mL/s for the
mL/min, while the inversion slice selection width was kep8S S, = §) case (Fig. 2b). This area fraction value of 0.40 is
constant at 12.5 mm (i.e., $/= 0.80 cm %), the same as the in excellent agreement with the actual fractional 1D cros:
observe selection widtlg,. The abscissa is linear in the log ofsectional area/) of the polyethylene tube (relative to the sum
the T% value, and the global vertical axis of the stacked plaf itself and that of the glass tube), which is 0.38. For the NS
measured=,. These represent relaxographic results obtainedseS, < S), however, the, value must exceed 0.27 mL/s
by analyzing data from the ROI spanning both tubes. When timeorder forad/(ag + a,) to approach its plateau value. It is
water in the polyethylene tube is stationafy,(= 0.0 mL/ quite interesting to note that the peak area fraction curve sha
min, top), only a single relaxographic peak is observed. Aboievery different from that of a study of yeast cell suspension
the stacked plot are shown the inversion recovery data pointsing an extracellular relaxation regef). This difference is
(filled circles) from the experiment witk, = 0.0 mL/min. most likely due to the fact that the latter represents a cas
The solid line (essentially indistinguishable from the points) isivolving microscopic compartments in intimate contact, be
the effective LT of the top relaxogram. The root mean squat@een which an equilibrium water exchange process is onge
value () of the residuals, relative to the full ordinate range dhg.
2,is 0.62%. As the value @i, increases, the initial single peak Figure 2c shows a stacked plot of longitudinal relaxogram
shifts to lowerT?, values, and two peaks have emerged whebtained from a series of five Group | experiments during
theF, value has reached 4.0 mL/min. The peak at the smallehich theF, value was keptonstantat 4.0 mL/min (0.067
apparentT, value (T, in the relaxogram can be clearlymL/s). In these experiments, the only experimental paramet
assigned to the signal of the flowing water and that at the largaried was the thickness of the inversion sli€g, The global
T, value (T,,) to nonflowing water. This is confirmed below.ordinate of the stacked plot is the reciprocal of this slice
The data points (filled circles) from thE, = 16 mL/min thickness, 1% (in cm™%). Thus, when 1% is its smallest
experiment are shown at the bottom, and the valuefof the (topmost relaxogram), only one relaxographic peak is ok
solid line there is 1.43%. It is interesting to see a singkerved. Above the stacked plot are shown the inversion reco
relaxographic peak from the NMR signal of a flowing samplesry data points (filled circles) from that experiment, witt§1/
the individual spins in the ensemble giving rise to the signal are 0.5 cm *. These represent relaxographic results obtained k
continually changing. The graphic nature of flow relaxographanalyzing data from a ROI containing both tubes. As before
is quite unique and important. the solid line is the effective LT of the topmost relaxogram anc
Figure 3a depicts plots of the relaxographic results of Fig. 2be b value of the residuals is 3.8%. As the value o§1i5
(S, = S), the results of experiments analogous to those of Figcreased, the single relaxographic peak shifts to smailjer
2b but with a non-slice-selective inversio8,(< §), and the values, and then splits into two peaks. Again, thg peak
results from the same experiments but with data taken from tlepresents the flowing spins while tfig, peak is that of the
ROI spanning only flowing water. The ordinate reports thgignal from the nonflowing spins in the sealed tube. The dat
value of the pseudo-first-order relaxation rate constBfjt£ points (filled circles) from the B = 1.0 cm * experiment are
1/T%) taken from the position of the relaxographic peak mashown below the bottom relaxogram. There, the valub &f
imum. The filled and open symbols represent data from slicenly 1.6%. It is important to note that, in this experiment, the
and non-slice-selective inversion experiments, SS and N3iSy rate was unchanged. Thus, tf& value of the flowing
respectively. The filled circles represent the position of thepin magnetization is changing because we are adjustinig
single peak of Fig. 2b (SS) before emergence and that of tBg. [1], not F,.
T,s peak after emergence while the open circles represent théigure 3b shows plots d®’ as functions of-,, (in mL/s) at
analogous NSS case. The filled and open squares representlifierentS values (the vertical arrays are Group | studies). The
position of theT,;, peak of Fig. 2b (SS) and the NSS caseR? values were obtained from the ROI containing only flowing
respectively. The results from the case in which the relaxerater. The filled symbols represent data from experiments wit
grams were obtained from the ROI with only flowing water ar§ values of 10—30 mm, the slope decreasing with increaSing
shown as filled and open diamonds for the SS and NSS studiespe. The solid lines drawn through them result from linear
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FIG. 3. (a) Plots of relaxographic peak parameters from slice-selective (SS) (Fi§, 2bS,) and from analogous non-slice-selective (NSS) experiment:
(S = 4S,, in the present case). Shown as well are the relaxographic results from the ROI spanning only the flowing water. The main graph Bhows
dependence of the relaxographic peak positions (shown as reciprocal values on the dimate/T?). The filled and open circles represent the single peak
before emergence and tfigs peak after emergence for the SS (Fig. 2b) and the NSS case, respectively. The filled and open squares refirgSeeakiefter
emergence for the SS case (Fig. 2b) and NSS, respectively. The filled and open diamonds represent the values for the single peak from the ROI with onl
water with the SS case and NSS case, respectivelyF]iependence of the area fractianfag + a,)) of the T, peak is shown in the inset (filled and open
triangles for SS (Fig. 2b) and NSS, respectively). The dashed lines are intended only to guide the eye. (b) Plots of the first-order relaxatitantaf;rons
as functions of-,. The filled symbols represent data from experiments ®jti 10.0, 12.5, 15.0, 17.5, 20.0, and 30.0 mm from top to bottom, respectivel
The open circles represent data from an experiment with a non-slice-selective inversion. The solid lines drawn through them result from LiS8dittiegs,
slopes were the only variables.

least-squares (LLS) fittings. Only the slope was varied in eattiose of the filled symbols except without a slice-selective
fitting. The intercept was kept at 0.363’s which is the gradient applied during the inversion pulse (i®, < S). The
reciprocal of the averag€, value of all measurements of thesolid line drawn through them is the result of a LLS fitting with
nonflowing saline water signain(= 10). Theopen circles the same intercept fixed as above. The slope of this line is 2.
represent data from experiments with the same parametersmas *.
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FIG. 4. Plots of the reciprocal of the slope values from Fig. 3b as a functid®. dthe ordinate i8/*. The bold solid line represents the values calculated
from the first term on the RHS of Eq. [8]. The dotted line is the result of an LS fitting based on the empirical effationr S (a« = 0.0508;8 = 1.33;
r2 is 0.999). A horizontal line fov* = V, (implied in the literature) is also shown.

Figure 4 depicts a plot o¥*, the reciprocal of the slope cept held again at 0.363 8. Only the slope,F,/A (The
values of the lines resulting from the slice-selective invernean flow velocityaccording to thé/; term of Eqgs. [1] and
sions in Fig. 3b, as a function & (in cm). The dotted line [8]), was varied in each fitting. The agreements are ver
is the result of a LS fitting for an empirical equatid = good. Since the value ¢fA) calculated from these slopes is
a - . The coefficienta is 0.0508,8 is 1.33, andr? = 0.12 cnf, while the actual value for the tube is 0.11%rane
0.999. Thereciprocal of the slope value of the non-sliceean consider that the lines drawn in Fig. 5a essentially hav
selective inversion data in Fig. 3b, 0.413 ¥morresponds no adjustable parameters.
to an abscissa value of 4.8 cm in Fig. 4 (data point shown asFigure 5b depicts a plot of thE, dependence of the slope
a square). This means that the experiment with formal{§,) values for theR’, vs 2/S plots in Fig. 5a. As just stated,
non-slice-selective inversion does in fact have an apparéhis slope, and hence the ordinate of Fig. 5b, can be appro»
selection slice 48 mm thick, in which the magnetizatiomated ad-,/A, the mean flow velocity. The solid line in Fig.
experiences inversion. This is in very good agreement wiflb is drawn according to this approximation. Thus, its intercef
the 47-mm length of the RF coil used for these experimenis,zero and its own slope &5 *, as suggested above. The value
and with a coronal view image of the phantom sample (nof A was taken to be 0.111 éfrom the ID of the polyethylene
shown). TheS, dependence of the data in Fig. 4 is reasonube, 7(3.76 mm/2§. Given that it has no adjustable parame-
ably linear whenS is smaller than 2.0 cm, and is wellters, the agreement of this line with the data is excellent. Th
approximated by the solid line calculated from the simplgystematic offset of the data from the theory is due to exper
form of Eg. [8] that neglects th¥, term (i.e.,V* = 0.5V;). mental imperfections (see below).

However asS increases above 2.0 cm (in this case), the Finally, Figure 6 shows plots d®’j, obtained from the ROI
measuredV* value deviates from this theoretical valuecontaining only flowing water, as a function 8§/S for F, =
Most generally, we can state thet asymptotes tov;/2. 0.1 mL/s. The open diamonds represent data from Group

Figure 5a shows plots dr¥ as functions of 2§)* for experiments in whicl$, was kept at 10 mm an§ was varied,
different F,, values (each line is a Group | study). TR while the filled squares and circles data from Group Il studie
values were obtained from the data represented by filledwhich S, was varied and; was constant at 20 and 40 mm,
symbols in Fig. 3b for the fiv& values not more than 2.0 respectively. The dashed lines are intended only to guide tt
cm. The symbols represent data from the experiments witle. It is very clear that whe8 = S, the apparent relaxation
F, values of 16, 12, 10, 8.0, 6.0, 4.0 (Fig. 2c), 2.0, 1.0, andte constant depends & but not noticeably ornS,. This
0.0 mL/min from top to bottom, respectively. The solid lineginding is very intriguing, and strongly supports our simple
drawn through them result from LLS fittings with the intermodel thatV; is the critical variable.
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Relaxation Rate Constant (s™*)

2.54

1.5

F, (cm/s)

0.54

0.1

—
0.15
F, (mL/s)

0.3

(a) Plots of the 2% dependence of the appardRt values obtained from relaxograms of flowing water. The symbols represent data from t

experiments wittF, of 16, 12, 10, 8.0, 6.0, 4.0 (Fig. 2c), 2.0, 1.0, and 0.0 mL/min from top to bottom, respectively. The solid lines result from LLS fitti
with the intercept held at 0.363'& However, they are also essentially calculated with no adjustable parameters. See text. (b) Plots of tifg)siapess of
the lines from theR* vs 2/S, plots of (a) as a function d¥, (filled circles). The solid line is calculated &s/A, using the cross-sectional aréa= 0.111 cnf,
of the tube with the flowing fluid. Since this line must go through the origin, it has no adjustable parameters.

DISCUSSION

guantitatively separate the NMR signals of flowing and sta
tionary spins if the value df, is large enough that the ratio of
The results in Figs. 2-5 demonstrate that flow relaxographly,, /T,gis greater than 3. For &n, value above this threshold
as accomplished by CONTIN analysis, can be very quantitaeint, the peak area fractions become the “true” values,
tively accurate. From Fig. 3a, we learn that relaxography caomparable (Fig. 3a inset). Importantly, however, the signal
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So=10 mm

Relaxation Rate constant (s
|

A A ®----0----%s5=-40mm

o e

—_—
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
S8,

FIG. 6. Plots of the apparent relaxation rate constant of flowing water as a functi®yi§f The flow rate was constant at 6.0 mL/min. The open diamond:
represent data from experiments in whighwas kept constant at 10 mm asgwas varied (Fig. 5a), while the filled squares and circles represent data fro
experiments in whicl§, was varied ands was held constant at 20 and 40 mm, respectively. The dashed lines are intended only to guide the eye.

can still be discriminated even at low®, /T, values. The which can be approximated ag;(2) *. Apparently the size of
fact that theT & values extrapolate to the independently medhe detector, the magnitude Wf, can often be ignored. Thus,
sured “stationary” value (0.363 &) (this is also seen in Figs. the empirical flow relaxivity is essentially the reciprocal of half
3b and 5a) means that, values returned by CONTIN can beof the tagging volume,\(;/2)"*. This is quantitatively demon-
used to measure absolute flow rates. The agreement betwstested in Fig. 4. IfV* is equal toV, (as implied in the
theory and experiment seen in Fig. 5b reinforces this. literature), the data should follow the horizontal line in Fig. 4,
The fact that a good correlation between theory and exp&ecausé/, is held constant. It definitely does not do this.
iment is observed in Figs. 3—6 also indicates that our verylt may seem that the determination\8f andV; is obvious,
simple model is remarkably good at describing the longitudingince the slice thickness, the RF coil length, @&duantities
relaxation processes associated with flow-induced coherang all well defined. However, this is not necessarily true. Firs
motion in NMR. It is clear that the appareR; is solidly the slice thickness profile may not be perfe2®)( Second, the
correlated withF,. However, the observeR,; does not read B, field may not be homogenoud 3, 13. Third, the flow
the F, directly: the quantitie§; andV* must also be known. pattern is never perfectly definetld). Fourth, the nuclei may
The value ofT, for blood *H,0 is difficult to measurén not be fully magnetized and/or demagnetized due to flowin
Vivo, since the experimenter may not stop the blood flow. Thuyid moving in and out during the process of RF excitation an
most investigators assume it to be the same as the valagnetization polarizatior9). Fifth, in any biological case,
measuredex vivo. However, Eqg. [1] suggests that one cathe signal from flowing spins in the detected region will com-
obtain theT, value for blood*H,0, without turning off the pete with considerable signal from nonflowing spi6s (The
flow, by varyingS, thereforeV*, and therefore . This has fact that some of the data in Fig. 3b deviate from the straigt
been proved and demonstrated for a phantom sample in Figses predicted by Eg. [1] may be due to one or more of the firs
2c and ba. four factors. For example, the effectivg (andV,) is smaller
Also, from Eq. [1], we learn that one is still not able tcat largerF, because of incomplete irradiation during the long
extract theF, value if one knows only the value @f,. What (4.5 ms) sinc-shaped pulse. Consequemlyincreases. Thus,
is really obtained by comparing, andR? is the mean transit the difference between the calculated and measured upstre:
time (tg) for approximately half the volume of fluid in which inversion volume in this study (Fig. 4) suggests that this
the *H,O magnetization was perturbed to pass through thmeethod may be the best way to test the actual calibration of tf
volumeV,. This is the same as the mean residence time of thffective detected and inversion thicknesses and/or volum
tagged molecules i*, and it is this that is the reciprocal of associated with flow.
r.e. Thus, we have found that the flow relaxivity is dominated In thein vivo application, there are other considerations tc
by the reciprocal of the upstream tagging volumé¥)("*, anticipate. For perfusion studies, one may have an ensemble
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vessels entering the read slab with a distributiofr pivalues.

LEE ET AL.

Kudravcev, Cylindrical crossed-coil NMR limb blood flowmeter,

Also there can be a distribution of angles at which the vessels ReV- Sci. Instrum. 50, 428-434 (1979).

enter the slab. The theory here was derived for flow perper-
dicular to the slab.

For many recent perfusion studi&9¢39, S,/S is assumed S
to be either 1 (slice-selective inversion, the so-calfkxv
sensitive condition) or O (non-slice-selective inversion, thg,
so-calledflow insensitiveeondition): thus, assuming = S, or
S > S,, respectively. But one must be cautioned t8aS is 11
never actually equal to zero when non-slice-selective inversion
is employed. This is especially true for small animal studias.
(33), since the edge effect of the typically smaller RF coil can
produce selection of a large, but still finite, slice. Therefore, the
blood flow rate determinations for small animals may have
been overestimated by studies utilizing comparison betwe
slice- and non-slice-selective techniques.

In conclusion, the most important finding of this study is
that, in the general case, the flow relaxivityg, is best simply 1a4.
approximated as\(;/2) %, although the literature would lead
one to think it is ¥,) *. Empirically, we found thatr,r
asymptotes to\(;/2) * regardless the size of th&,. However, 15
the deviation of the data from this simple theory at a lai§er
and/orF, will need further investigation. We estimate that the

ST 16.
error of our flow measurement is within 15%.
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