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Theoretical I nvestigation and Computation of Time Dependent CW NMR Blood-flow
Signal for the Estimation of Blood Flow Parameters

E. O. Odohand D. K. De
Department of Physics, Federal University of Technology, Yola, Adamawa Sate, Nigeria

A new approach is described here for Continuous eMsduclear Magnetic Resonance (CW NMR) application to
quantification of blood flow in human blood vessel® study the time dependence of the flow sigrealegated by the
flowing blood spins, a simple model of CW NMR exditat scheme is used for an accurate estimation afcbkteady

velocity, V,, the peak pusatile velocit9t1,9u|3e and the blood vessel cross-section. Starting thightime dependent Bloch

equations, we have generated an equation thatniseaeCW NMR blood signal, whose profile correspotwdthe human
cardiac cycle. Using a spin-spin relaxation tifi@.4 s, blood steady velocity of 20 cm/s (typiofh healthy human) and a
peak pulse velocity of 30 cm/s, our model providesults very close to those obtained by conventidildR pulse
machines and other modality like the Ultrasound ep(US) technique. The application of our CW NMRdabtechnique
for the determination of blood flow parametersmpbrtance covers a wide range of variations sedmiiman patients.

1. Introduction

Although pulsed methods using conventional
imagers  provides useful theoretical and
experimental information of blood flow rates, such
instrumentation are expensive when only
knowledge of blood flow rate [1,2,3,4,5] and other
relevant parameters are desired.

MRI modalities essentially rely on the strong
influence of spins on the amplitude and phase of
MR imaging signal. Unfortunately, the results
obtained from many MRI blood flow velocity
techniques are difficult to interpret since thetéas
that affect the MRI signal dependence flow pattern
may not be completely identified. Subsequently,
the complex flow patterns measured by emerging
methods of MRI can possibly be confused with
ever-present measurement of artifacts [6]. The
accuracy of the flow measurement depends
strongly on the artifact suppression and the phase
correction procedure applied to the data after its
acquisition.

It is desirable to find a suitable, simple and
easily affordable NMR technique so that the
measurement of NMR signal strength can vyield
knowledge of the blood flow rates in human
patients despite the finite size of blood vessels,
small magnetic field inhomogeneity= (1 mG),
static tissue signal from tissue surrounding the
blood vessel, variation of effective, Telaxation
time from patient to patient, and such factors.

"For all correspondence.

Using such techniques, one should be able to obtain
a reliable estimate of blood flow rates and other
medically relevant parameters, such as blood vessel
cross-sections and, Telaxation times.

It has been stated before that in pulse flow
method, it is difficult to correlate the detected
signal strength with the flow rates because of the
presence of magnetic field inhomogeneities. CW
NMR has an advantage over the pulse flow NMR
in that the field inhomogeneity (FI) of the orddr o
1 mG for B= 0.1 — 1 T is not critical to the
accuracy of the method [7,8,9,10,11]. For accurate
estimation of blood flow rates from pulsed NMR
signal, the homogeneity requirement is 1 part in
10®. The cost implication of such a highly
homogenous magnet is too high.

However, in a CW NMR system that uses a
single detector coil overlapping the excitor caif (
the single excitor-detector coil), the estimatidn o
steady blood flow is impeded by the overwhelming
influence of static tissue signal on the time-
independent steady flow signal. Such systems
cannot separate the contribution of the steady flow
signal due to flowing blood spins from the signal
that itself is due to static tissue surrounding the
blood vessels. The continuous wave signal also
depends largely on the physical parameter of the
CW system. One major problem that has not
allowed for an appreciable research in the CW
NMR system is the mathematical complexities
involved, which of course is the development of
exact algorithm that will provide useful solutiom t
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Bloch equations. Tackling these problems (static
tissue, system parameters) no doubt will make CW
NMR very useful for accurate measurement of
blood velocity as an indicator of heart and vessel
disease [11].

2. CW NMR signal dependence on flow rates

Our goal is to work out a technique that will
facilitate the quantification of blood flow rates
using a CW NMR system. To do this, we shall
consider a model system of excitor and detector,
which has a simple geometrical arrangement as in

Fig. 1.
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Fig. 1. Diagram of the model CW NMR Excitation

Scheme with Separate Movable Detection System for
accurate estimation ofO\/V"pmSe and also the total cross-
section of the blood vessel, ik the length of the excitor
coil and Al is the separation of the excitor and the
detector coil whose length is L.

The CW NMR excitation is carried out over the
excitor coil of length Le = %X;. A fluid (blood)
flowing in from the left is assumed to be
magnetized to an equilibrium value (Mbefore
entering the excitor coil. Static tissue in theitotc
coil region is also subjected to CW excitation. The
By field inhomogeneity should be less than the
magnitude of the radio frequency (rf), Beld of
the rf excitation for our scheme to be successful.
The requirement is far less stringent than that
required for an ideal pulse NMR spectrometer [11].
The detector coil is separated from the excitot coi
by distanceAl in our model.

The theoretical analysis of the dependence of
NMR signal on flow rates begins with a model
system in which Bis assumed to be: (i) zero or
negligible inside the detector coil; and (ii) fimit
inside the excitor coil. However, a highly reduced
value of B in the detector coil does not alter the
conclusion reached with the model system. Beyond
the excitation coil region, the detector coil reesi
the signal from the blood excited in the excitoil co
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region. The detection coil can be positioned at
different distanceAL from the excitor coil. For
case (i), we consider the signal as a result of
precessing transverse magnetization, bf the
flowing spins and is dependent on both the flow
velocity and on the Jrelaxation time.

Earlier, De [11], under some assumptions,
carried out theoretical analysis of the CW NMR
signal dependence on blood flow parameters such
as steady blood velocity, pulsatile peak velocity
and T, relaxation time. In this article, we have
carried outab initio analysis of clinical importance
from a more fundamental concept.

The x,y,z components of the magnetization are
given by the Bloch equations [12,11], which may
be written as

dMX__MX

a T, @
dMy_ _My

= IMB(x] s 2)
dMZ__ My—-M,

T My e 3)

Where, all x, y, z are of the rotating frame of
reference. The z-axes is along the laborafoayis,
whereas the andy axes form an anglet with the
laboratory X and Y axes, respectively. All other
symbols have their earlier definitions.

In the CW NMR under investigation, we
assume that the strength of(® is such that M
does not differ appreciably from gMThen, Eqgn. 2
describing the rate of change in magnetization
along the y — axis is given by

M, My
3T TVOoradMy MBS ()

Where,V (1) is along the laboratory X axis and S is

called the instrument factor. S =1 fof X X < X,
and S = 0 for X > X In this work, using a time
retarded concept, a form of solution of Eqn. 4 that
gives the flow signalgk, is given as

les(t) =
t
aﬁIV(t’)My(t—t'—Té)exr(—(t—t’+T(;)/T2)dt'

t-r

©®)
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Here, ks is the CW NMR signal resulting from

spins flowing with time dependent velocity aﬂigj
and 7 are given by the following:

t
J'V(t')dt' =L (6)
t-r
t-r
J-V(t')dt' = AL @)
t—t'-T’
M, (t-t'-T, )=

M BT, 1-exg ———————

Where,o is the angular frequency generated by the
rF signal andB is the blood vessel cross-section.
The timet = 0 is counted from the moment when a
fresh pulse enters the coil.

In equation (8), V is a function df -t —TOI) .
Note thatV(t—t’—TOI) is the velocity of blood

0.365

t 0 ) !
IFS:aﬁCJ [VO+[VP“'39]exp(—4t')sin(—l.571')]yMOBloTz 1-exp - Le , exg -7 *To)
e V(t-t' =Ty )T, T,

V;(J)ulse
0.365

t t
les(t) = aﬂ:{ J.J'NIOQ.OTZVOdt' + I U
t-r t-r
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bolus at time,(t-t'-T,). Egns. 5 - 8 can be
handled only through numerical analysis in order to
understand the dependence of CW NMR signal on
steady and pulsatile flow rates, fielaxation time,
vessel cross-section, and so on.

Since blood is made up of both steady and
pulsatile flow,V(t"), the blood velocity is given by

V() =Vo +V, () 9)

In this study, in order to arrive at analytical
expression for the CW NMR signal as a function of
these parameters, we proceed as follows:

V(1) = VO, /0.365exp-4t’) sin(-1572")  (10)

Egns. 9 and 10 have been clearly explained by De
[11].

It would be interesting to derive the explicit
expression fords (Egn. 5) with flow velocity given
by equations (9) and (10). Thus substituting the

expressions folV(t') andM  (t -t' —TO') in Egn.
5, yields

dt’ (11)

]expM’)sin&lSzf)MoEgoTz[l—ex;E— Le ]]ex{— =+ )] dt’} (12)

V(t-t-T,)T, T,

0 t , I
les(t) = wBCM oBmTz(Vot’X:_, + wBCIM (BT, b ) {exp(-m’) sin(- 1-571’)[1- exr{- LJ] exp{- (t_t”")ﬂdt’ (13)
V(t-t'-To)T, T,

0.365
t-r

t—

t , r
les = WBCIM By T,V,oT + K j {exp(—4t') sin(- 1.571')[1— exp[— ;H exp[— Mﬂdt' (14)
. V(t-t'-To )T, T,

_ V;())ulse .
Where, K = ¢ffC)M (B, T, andCis a

0.365

Constant equals to unity that has been introduced
to ascribe a unit of E.M.F to the flow signal. Now,
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exp(ils7t") —exp(l5t") exp(Eilss' —4t") —exp(l5’ —4t")

exp(4t')sin(-157t") = ( j exp(4t') =

2 2i

Also,

ot ey T | = @ T | et @t ToOw)
V-t -Ty)T, T T, VT,

For conveniencey =V (t -t —TO') .
From Eqn. 14, we obtained the integral:

exp(-4t')sin(-1.571")| 1- ex _be flagd 2V _To) fy =
V(t T, )T2 T,

_exp(—i1.57t'—4t')—exp@1.5nt'—4t')} o C(t-t+Ty) o L+ (=t +T, V) "
i T, VT,

~I|'—'H

Nl"—,;-’

Simplifying Eqn. 17 gives:

t ' . , t ! - _ '
J‘ ext — (t+Ty) ex (—i157T, — 4T, + Dt it _J' ext — (t+Ty) ex (1157, - 4T, + Dt dt'
T, T, T, T,

1= t-1
2 _j‘ex NOSIE VN (—i1.5m/T2—4\rr2+1)t'jdt,+jeX etV | (i1.5;m2—4vr2+1)t']dt,
t-r ME ME t-r ME ME
t
’ —_— 1 T ! T
Since V=V(t-t'-T,), the integration of (V) =7 IV(t —t' =T )dt

Expression (18) is a difficult task in the numerato T
The average value(Vv), within the excitor, is

considered such that and

V(t-t -Tg) =V + M,’u,se /0.365)exp(— -t —TO')jsinl.sn(t ~t'-Tp)
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(15)

(16)

7

(18)

(19)

(20)

However,V in subsequent expressions derufeof The integral in (18) can be expressed as

Egn. 19. Note thatV) is a function oft, 7 and

TO' but not oft’ .

t . ' t : '
57T, + - 5T, — +
ClJ- exp| - (il.5nxT, + 4T, -t dt' - C, J- exp i1.57T, — 4T, + )t dt’
T, T,
| = t-r t-r
2i ; i + 4VT, + -V)t' F i - 4VT, + !
-c, J‘ exp| - i157NVT, + 4AVT, + -V)t dt'+C, J‘ exp (il57WT, —4VT, + V)t it
t-r 2 t-r 2

(21)
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Where, are treated as constant coefficients independent of
o - B "'To' 22) tf . P_er_forming the integratior_l of Egn. 21 after
1 = €Xp T simplifying the last two terms gives
and
c, - F{M] 23)
VT,
on [ @smeamey|  oT,  (([5m, T, )
1| (157, +4T, -1) T, ., (157, —4T, +1) T, | (oa)
Al o o (15T, + 4T, -t ‘ CT, 0157, =T, + 2y ‘
(| 1.577-1—2 +4T2 _1) T2 t—1 (l 1.57ﬂ-2 _4T2 +1) T2 t—1
Now, we insert the limits in Egn. 24 so that we
obtain
o exp( (i157T + 4T2 l)t] exp(_ (i157T, + 4T, - 1)(t - r)ﬂ
(11577, + 4T, -1) T,
_ C,T, oxp 057 - 4T2 + 1)t (11577, — 4T, +D(t - 1)
1| (1571, - 4T, +1) P &P T, (25)
| = -
2i . C,T, (|1571T+4T2—1)t — exg| - (11575 + 4T, ~1)(t - 7)
(iL57T, + 4T, —1) P T,
. C,T, exp (11577 - 4T, + )t (11577, — 4T, + D)(t - 1)
(157, - 4T, +1) | T, &P T,
Eqn. 25 can further be expanded to give

.

cT, o - (L57T +4T, =Dt _ - [ (15T, +4Ty =1t [ (1577 +4T, -7
(i157T, +4T, ~1) | T, T, T,
~ cT, _ex (L1577 —4Ty+ Dt | _ [ (157, = 4T, +D)t) [ (15T, — 4T, + 17
1 (i157T, - 4T, +1) | T, T, T,
2i N C,T, oxef - (157 +4T, =Dt [ (157 +4T, -t [ (1157, +4T,
(157, +4T,~1) | T, T, T,
. C,T, [ (15T - 4T, + )t —exgf (L5, = 4T, +0)t) [ (1L57T, — 4Ty + 17
(157, - 4T, +1) | T, T, T,
Because of the occurrence of common

exponentials in the terms, Eqn. 26 can be written

with some factors, as
_ CiT,
(i1.57T, + AT, — 1)

1T2
1| (15AT, - 4T, +1)

C,T,
(15T, + 4T, - 1)

2T2
4T, +1)

+
(i1.571T, -

[1—-exp
[1 exp
[1 exp

1-exp

(i1.57T + 4T2 7 ])exp[ (1. 5er2 +4T, - Dt

(i1. 5nT2 - 4T2 +1)7 D [(ul 5T - 4T2 + 1)t

| )
- )
((Il 57T, +4T2 -7 jjexp( (i1.57T +4T2 —1)tj
- )

(i1. 5er2 4T2 +1)7 )je [01 5T - 4T2 + 1)t

(26)

(27)
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Rationalizing the denominators and simplifying
Egn. 27, gives:
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| =
45m°T,% + 2(4T, - 1)2 T,

T2

T, [157T, +i(4T, - 1] [ - exp( (i157T, + 4T, - 1)1 ]] exp[_ (i157T, + 4T, - 1)t]

_ CT,[157T, —i(4T, - )] [1_ exp[_ (i157T, — 4T, + 1)1 D exp( (i157T, — 4T, + 1)tJ

4572T,% + 2(4T, - 1)2 T,

, CoT,[157T, +i(4T, —1)][ 1o exp[(il.SnTz +4T, -1

457°T,% + 2(4T, - 1)2 T,

T, (28)

D exp(_ (i157T, + 4T, - 1)t]
T2

T,

T,

, CaTo[L57T, ~ i (4T, —1)][ - exp[_ (i157T, - 4T, + DTD exp( (i157T, - 4T, + 1)tj

45m°T,% + 2(4T, - 1)2

The expression, given by Eqn. 28, can be written
in a compact form as:

| = Si(Co = CaJTo[L57T, +i (4T, =1)] | S5(C, = )T, [L57T, —i(4T, - 1)] (29)

4517°T,% + 2(4T, —1)2

Where,

45T, + 2(4T, —1)2

s = [1_ exp[ (i1.57T, ; 4T, - 11 DeXp[_ (i1.57T, + 4T, - 1)tj (30)
2

T2

T,

T,

s, = [1_ exp[_ (11.57T, - 4T, + 1)1 Dexp[ (i1.57T, - 4T, + 1)t] (31)

The expression in Eqn. 28 contains both the
imaginary and real components. Since it is only the
real part that makes contribution to the NMR
signal of interest, it is important to extract fibrin
the equation. The following procedure could be
adopted.

Let

D = 457°T,? + 2(4T, -1)?, a, = C,T,157T, and

155, -
Also, let 8, = 2 and g, = (@T, =17
T T
If we let
_(aq  iay)_ . ;
| 2Ly 22| = b), the first part
A (D + 5 j (a+ib) p

of Egn. 28 can be written as

Pa(l— A x eial)e_(fltﬁrﬂj _

ii&) (32)

Al(l-Blégl)e_( T

Where, B, =ef The exponential ‘e’ has been

adopted for convenience. Using the Euler's
relation,

[iat, At
Al(l_ Bleiglk [ T1 ’ T J —
A it
A(1-B, cosd, -iB, sing,)e T xe T
At
= A(1-B, cosf, -ising,)e * x

( ot . Hltj ’
COS——I1SIn—
T T

which gives, on evaluation, the equation
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_At
Ae T {(1— B, cosé?l)cosﬂ ~iB,sing, cos?t | (1-B, cosé’l)sinﬂ - B, sing, sinﬂ}
T T T r

_Bt

=Ae T(cosﬂ - B, cosf, cosﬂ -iB; sing, cosﬂ =i sinﬂ +iB, cosg, sinﬂ - B, sing, sinﬂj (33)
T T T T T T

Substituting the expressiod, = (a+ib) in Eqn. expression would give the real part of the firstrte
33 and expanding the resulting of Eqn. 28 as

_At _At
Il =ae 7 [cos,ﬂ - B, cosg, cosﬂ - B;sing, sinﬂ] +be 7 [Blsiné’1 cosﬂ +sinﬂ - B, cosg; sinﬂ]
T T T T T T

and could further be written as

B ot o] 2T 6t X
|l =ae 7 [cosi(l— B, cosf, ) - B, sing, sin—l} +be 7 [sin—l(l— B, cosf,; ) + B, sing, cosi} . (34)
r r r r

The same procedure can be adopted to get the real Working the same way as with the first term, the
part of the second term of Eqn. 28. But now we set  real part can be separated as

A, :(%—%j:(a—ib)-

Bt Bt
- ot . . Gt - . ot . at A
I, =ae 7 [Cosi - B, cosf, cos— - B, siné, sm—lj -be 7 [— B, siné, cos—= —sin—- + B, cosé, sm—lj
r r r r r r

Which, also can be written

B gt A I ot
g, =ae 7 {COS—l (1- B, cosd,)- B, sing, sin—l} +be 7 {sin—l(l— B, cost, ) + B, sing, COS—1:| (35)
r r r r

Egn. 35 is, of course, the same as Eqn. 34. The of Egn. 28, considering their signs, can therefire
contribution of the real parts by the first twonhs obtained by adding Egns. 34 and 35 as

— X X X X
l,=-2e T {a[cosi(l— B, cost; ) - B, sing, sin—l} + b[sin—l(l— B, cosé; )+ B, sing, cosi}} (36)
r r r r

We now evaluate the real part of the last two terms as ia, ) ]
of Eqn. 28. To do this, we let LetA; = E+F =u+iv. The third term of

2 ) Eqgn. 28 can be written as
D = 4577°T,° + 2(4T, -1)2, as =C,T,157,

anda, =C,T, (4T, - 1. _ (i6a
15717 93 194 @_eiezwz)e[ rr j _
Also, let g =0, =—""—""2" and D D
T 37)
(41, -0 i _(“izh,@)
-7 _
131:,32:2—_ Ag(l—Bze'ez)e TooT

T,
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Where, B, = e’ Following the previous steps, the (a3 ia, ) (u _ iv)
real part is given as A = D D) '

L gy ot
lgg=Ue 7 [cosi(l—Bzcosﬂz)—stinHZsin—Z}
r r

Bt
be 7 {singZt (1-B,coss, )+ B,sind cos@}
r

T

so that the term can be written as
_ (iizt_@)
Aa(l—eﬁZ xe™ % )e o)z

59 A4(1- Bye je[i?_ﬁrztj

The same procedure can be adopted to get the real

part of the fourth term of Eqn. 28, but now we set The real part can be separated as before which

can similarly be written as

_Bt Bt
lgqg =ue 7 {cosit (1- B, coss, ) - B, siné, sin@} +ve 7 {sin—z(l— B, cosd, ) + B, siné, cos@} (39)
T T T T

The combined real contribution of the third and  terms and considering their signs, give
fourth terms, like in the first two

- Byt ot oyt . Byt
l,,=2e 7 u{cos—2 (1- B, cosd,)- B, siné, sm—z} + v{sm—z(l— B, cost, ) + B, sing, cos—z} (40)
' T T r T
The real part of Eqn. 28 can now be written as| =1,, +1,,, so that

_At
| =-2e 7 {a{cosglt (1- B, cosé,) - B, sin 8, sin Hlt} +b {sin ot (1- B, cosé,)+ B, sin 6, cosglt”
r r r r
_Bat
+2e ° {u{cosg2t (1- B, cosd,)- B, sin 4, sin 921 + v{sin Q(l— B, cosd,)+ B, sin 4, cosgzt}}
r r r r

(41)

Substituting the values g8,, 8,,a,b,u,v,6,,6,,B; and B, in Eqn. 41 above, the expressibmwill be
given as

LTZZ cosl57t) 1-ex| M cosL5mr |—ex M sinl57rsinl57t
=2 ‘E @, —Dtj 457, + 24T, -1 T, T,
=-2exp-

T 2047, - - -
2 s G ALY sinl57t 1-ex @n, =0z cosl5r | +ex @t -0z sinL57rcosL57t (42)
457PT,2 + 24T, 1P T T2
2
% cosl.SR[l—ex;{MJcog_Smj —ex;EMJsinlSHTsinlS/t
mx{‘@} 457PT,’ + 24T, -1 T T

T, 2 _ _ _
2 + _ GLEL-) {sinlSr{l— ex;{@j coSLSnr] + ex{@rm]sinwmcos].s;t}

457PT) + 24T} -1)° 2 >
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We now substitute fok, i.e., Eqn. 42 in Eqn. 14 to
arrive at the final CW NMR signal due to blood
flow. For the purpose of simplification and
computation of CW NMR signal, we assumed a

particular case wher = 0. In this caseT, from
Eqgn. 7 turns out to be zero. Noting the expressions

2WBCM (BT,

VPuIse

73

for C; and C,, respectively, in Egns. 22 and 23

0
pulse

0.365

andK = aﬁCyMoBloTz[ J the final result is

given as:

(4T, -1) t+Ty)

| t)= C BT,V +
FS() WBCM BT,V {4.5”21_224_2(41.22 —1)2

(4T, -1
T2

cosl. 571[1 exp(

sin 1.511[1— exp|

cosl.5nt[l— exp

sin 1.511[1— exp|

3.

To calculate the actual value of the NMR signal
flow given by Eqn. 43 above, the Tor blood, the
time 7 which the signal has remained in the

Calculation of Igg

detector, the timeT, which it traverses the

separation between the excitor and the detecter, th
time dependent blood flow velocity and of course

Vgulde! the peak of the pulse velocity should be
known. The 7 relaxation time for blood ranges
from 0.1s to 0.15s, Whilé}/gulse changes have been

given by [10] and [11]. To know the values of
when the detector receives signal in the present
model, Eqn. 6 should be evaluated and known

-4t

e
Lovors vg’ulse { 2257% +16
% " 0.365 e-4(t-1)
22572 +16

Using Eqn. 44, with values of L between 10 cm
and 20 cm, while t was taken from 0.0s to 1.6s,
different sets of value afwere obtained. The NMR
blood flow signal |5 in Egn. 43 can then be
evaluated under different conditions of the CW
NMR detection system.

’

0.365

Jsin 157w sin 1.57%

sin 1.57r cos1.57¢

sin 1.57r cos1.57¢

}{(- 157)cos( 1.572) + asin(- 1572}

o 52 o 2

(t+Ty)
b))

2

],
].

Lo+ (t+To V
VTZ

T2 2
-T,(4T,-1) exp[—
(43)

Lo +(t+Ty V
+ 157, exp _Let(t+To V.
VT,

sin 157w sin 1.57% |+ T, (4T, —1) exp[—

|

values of L and duration in which the blood bolus
spends in the system are used for the computation.
This proceeds as follows.

From the Eqgn. 6, we have

| }

j-V(t')dt' =L

t-r
Substituting the expression fM(t') in Egns. 9 and

10 and performing the integration taking the limits
of integration into consideration, we have

(44)

}{(- 157)cos(- 157(t - 1))+ sin(c 157t - 7))

4,

The result obtained at a, F 0.1 s, steady blood
velocity of 20 cm/s and/S,me = 30 cm/s is given

Discussion of result

in Fig. 2. It shows a close similarity with the ués
of earlier experimental work [13, 14, 2] antb].
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Figs. 5 and 6 show some of their results using two-
dimensional pulsed NMR scanner. Significantly, all
the results (previous and our present model) pactur
the flow pattern of the cardiac cycle. The firsttpa
indicating a rise in signal defines the diastoléjlev
the second is the systolic decay. Our result also
clearly agrees with the known fact that the cycle
decays to zero in about 1 s. Another striking tesul
of our present CW NMR model is the peak signal, a
little above 0.2 s, which is consistent with other
methods mentioned above. A little deviation
however is that CW-NMR signal shows a faster
decay in the systolic region. This has to do wiité t
values off , the time which the signal spends in the
detector coil.

S
o
S

nits)
no w
o o
o o

=
o
o

CW NMR E.M.F. Signal
(arbitrary uni

Fig. 2: Blood flow curve obtained from the new CW-
NMR detecting system obtained with a ¥ 0.1 s, blood

steady velocity of 20 cm/s aﬁqg’ube =30 cm/s.

The variation of the CW NMR signals with
different steady flow velocity values from 5 cmés t

45 cm/s for a given peak pulse velocHg, ., =30

cm/s is given in Fig. 3. These plots show that tfrou

the signal amplitude reduces at low velocities the
signal itself decays less sharply than at higher
velocities. This also shows that the time dependent
CW NMR peak-to-peak signal depends not only

onVy,.. a fact that has already been established
[11], but also on blood steady velocity. This is a

significant result though overlooked by earlier
workers. Fig. 4 shows the changes in the signal

amplitude as thé/guIse changes from 15 cm/s to 45
cm/s. The signal strength decreases sharply with
decreasing pulse peak velocitylgulse, a result,

which as stated above, is in agreement with earlier
work.
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——Vo=5cmls

----- Vo= 15cmfs
————— Vo=25cm/s
——Vo=35cmis
—+—Vo=45cm/s

Fig. 3: The variation CW NMR time dependent signal
with time as the steady velocity changes from 5saim/45
cm/s. The curve with the lowest peak representdetast
velocity, while that with the highest peak reprdsetie

highest velocity in the group‘;/gulse =30 cmls, T =
0.15s.
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Fig. 4: The Variation of CW NMR signal with time at
; 0
pulse peak velocity oprulSe 15 cm/s, 25 cm/s, 35 cm/s

and 45 cm/s. The signal increases with increaS/Iﬁlg;Se

values. The steady blood velocity =5 cm/g=10.15 s.
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Fig. 5: Time behavior of the aortic blood rate meed
with MR of a volunteer (measured by [13]).
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Fig. 6 Temporary MR imaging flow curve of blood o 1ol
in Abdominal aorta of healthy volunteer measurethwi [11]
TRs within 1 hour shows the physiologic reprodilitib
and the importance of a high sampling rate to detest
changes of the flow [2]. [12]

5. Conclusion

We have shown in this research work that CW NMR 13
can be a very useful technique that can be used for
quantification of blood flow rate. The success [14]
proves that nuclear magnetic resonance being a very
significant tool in medical diagnosis can be made a  [15;]
affordable machine for developing countries if the

CW NMR method of blood flow estimation is fully
exploited a situation which has hitherto not been
given much attention because of the mathematical
complexities involved. The theoretically simulated

time dependent CW NMR signal has agreed with

the experimentally measured blood flow signal by
other workers. This shows that it is possible, Hase

on our approach, to construct CW NMR blood flow
meter that can yield results in agreement with éhos
measured by sophisticated methods employing MRI
technology.
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