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Abstract

A new look has been given to the problem of radiofrequency (rF) power absorption inherent
in all NMR/MRI scanning instruments. I n the present approach, we have considered for the first
time the contribution of flowing blood to rF power absorption. Our result shows that flowing
blood spin contribute to a good degree to the power losses - both Faraday power loss, Py, and the
electrostatic capacitance power loss, Pcespecially low frequency fields. For efficient NMR coil
design, the ratio P/Psisone of the most important factors that should be known. Computations
based on our algorithm showed that the variations of Pc/P; with the patient length (L), the
proximity of the patient to the capacitor plate (L), electrical conductivity (6;) at electrical
conductivity of blood of 0.0054 ¥m satisfy the condition Pc/Pi<< 1. This indicates therefore, that
rF absorption in the patient has important contribution fromflowing blood spin in the tissue and
such contribution should be taken into account in NMR instrument design for the purpose of
medical diagnosis.
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1.0  Introduction
Nuclear magnetic resonance has been establish@dletules, molecular motion, rate processes anéagutar interactions.
Daily use of this technology results in the expestar both static and time varying fields. Patiexpasure to high intensity
electric and magnetic fields is likely to increasigh the development of high field imaging systerfast cardiac imaging
methods and localized magnetic resonance specpp$tb In addition to patient exposure, the depetent of intervention
MR-guided procedures and open magnet structure swiistantially increase the exposure of physiciand medical
workers. The development of 3T and 4T MRI systehe £mploy more intense fields should be studie@fably to
determine their potential biological effects (espkyg sensitive biological systems). Such field ddion may produce
biological effects that are not observed with therent generation of clinical imaging systems.
In this the total rF power loss, p, inside a patiendergoing magnetic resonance imaging (MRI) eration warrants
careful study at least a theoretical consideratierause of the following reasons:
()Fast changes in magnetic field, which occur dgigradient switching, causing
Faraday current in tissue. The most sensitivedissuhis current is the retina, which can be att#, resulting in flash-like
sensations.
(iThe MR pulses used in MR imaging produces waignif the tissues. This could result in local tharimjury which may
cause thermal overload with an extra burden orvéiseular system. rF heating increases with squatteed3, field strength
since the absorbed energy is roughly proportiom#thé square of the rF used.
(iii) In medical physics, the amount by which thedy temperature can be allowed to rise dependsisrpower loss
and it is strictly limited [2-5] so that the biolicgl functions of the patient’s body would not lzkversely affected.
(iv) The characteristics of the isolated coil, &diecand magnetic field interactions within theipat, determine the magnetic
resonance (MR) receiver coil limiting performance.

The MR receiver limiting performance depends gitpmpon the rF power loss, P, together with thepolver loss
in the isolated MR coil. The total power loss paisummation of two factors: (1) rF power lossi®e to Faraday induction
electric field, E, induced by the rF Bfield inside the patient body according to the Mal's equation;

UxE, = _6_B

ot

and (2) the rF power loss¢,Rlue to the “Electrostatic coulomb’s law elecfi@gd, E.” inside the patient. Es produced by
charge distribution on the NMR coil windings andhdze identified with the distributed capacitancengl the rF coil and
some stray capacitances.
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For a given MR imaging sequence, the Faraday imalugiower loss, HAs unavoidable, whereas the capacitive field 18ss,
can be minimized depending on the subject coitimxahip [6] and coil design properties. Besideséasing the total power
deposition in biological tissues, &n also contribute to the noise of the MRI signal.

Knowledge of these two losses and the subject/etationships (during actual MR sequences for cadmaging)
will help us to understand some fundamental caigle properties especially when human patientsalgected to MRI [2-
4], to electromagnetic fields and radiations [1,3]-

The results of [14] had earlier shown that theosxpe of the uterus of a mice to a high field (#)7long duration
(8h) MRI alone and in combination with ultrasounxpesure (MHz, CW, 5W/cmunfocussed) reduced fetal growth,
neonatal survival, and male reproductive develogméren it occurred during sensitive times of theedlepmental cycle,
and that some of the effects were permanent. Cerisgl the volume of work listed above, the growingerest and
importance of the knowledge of exact effects ofrth@ower deposition in the human tissue cannavee emphasized.

Much as the Faraday’s induction electric fieldslas a patient subject placed in MRI instrumentetefs much on
the electrical conductivity of the subject, morecamt studies have also focused on the estimatiomhefelectrical
conductivity of the human tissue. It has been sh¢ij that electrical conductivity of a tissue ithbmogeneous on a
microscopic scale but on a macroscopic scale thedwadivity can be considered to be homogenous. @leetrical
conductivity of a flowing blood has also been shdw16] to depend on the flow velocity. He als@kmned that if blood
flows through a cylindrical tube, shear stressdsdeform and align the red blood cells with onetldir long axes parallel
to the stream lines. The pathway of a low-frequefeyl MHz) alternating electrical current will bdteaed by this
orientation and deformation of the red blood cellsnsequently, the electrical conductivity in th@nf direction of blood
increases. We have derived theoretical expreséiwriz and R based on a simple model of the subject/coil sysWmhave
considered the patient to be uniform cylinder hgwpatially uniform (isotropic) dielectric with déstric constant, K, and
electrical conductivitys, of the tissue in the first. The contribution bétflowing blood to these power loses in the cdshe
isotropic conductivity has been clearly presented.

2.0 Theory

The rF voltage across NMR coil generates a magfietat vector B which in turn stimulates NMR. This voltage givéser
to two types of electric field:

0] A conservative field or electrostatic field, that obeys the Maxwell’s equations
nE =2
gO
OxE. =0 @
(ii) The non-conservative field or Faraday fieldtBat obeys Maxwell's equation
0B (t
xE, =-9BO
ot )

E. in the NMR coil is produced by charge distribution the coil windings and can be identified with tiistributed
capacitance along the rf coil. The total field Eide the patient is given by

E=E+E ©)
To calculate the losessRind R, [17], considered a model which the patient wasiaed to be a uniform cylinder of length
L, and cross-sectiof2,, and was inside a curved capacitor plates (whiehparallel to the rf coil) such that the cylinder
surfaces were at distance L/2 from the plates d@ignl. His model was also applicable to the oskere the patient (a
uniform cylinder of length §) was placed symmetrically around the coil axis; ¢nd being at distance L/2 from the physical
coil ends (Fig. 2). In this latter model, it wasased that all the distributed and stray capacditsrare replaced by two
capacitances at the ends of the coil. The rf veltdg occurs across the capacitor plates generated thectric field, E,
which is parallel to the length of the cylinder.dither case L/2 is a parameter that determineprityamity of the skin to the
rf coil surfaces or ends.
To estimate the stray-capacitance power dissipafiprine used the Maxwell’s equations (1) consideringghent as a
conducting medium having an isotropic conductiwityConsequently, from Maxwlil’s equation

. oE
OxB, = ) + /Jo‘gokE

(@)

= E lil«+6)
==Ee ©)
)= ok (6)
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Fig 1 Two cyIindrica] curved (charged) surfacefmihe Subject symmetrically
placed such that the curved surfaces are atandis of L/2 from the
surface of the subject cylinder.
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Fig. 2 Two Parallel Plates such thatRlees are at a Distance of L/2 from the
extreme of the Subject/Cylinder.

Assuming current density j within the patient badises solely due to the rF electric field andtdirelectrical conductivity,
equation (4) could then be written as

0OxB, = y,0E + u,e,ki wE
Ox By = Uoeoky 9E
ot (7)
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Thus effective (phase) dielectric constanty,Kdue to finite conductivityo, of the sample or patient tissue, which is
frequency independent over a 0-100 MHz for salolat®n [18] in the presence of the rF field ofdteency,w/2m, is given

by
o
keff = k(l— j
E K ®
Assuming the patient to have uniform electric ¢ant k, R and P can be expressed as
P =% IOEC Ec “dv 9)
patient
_ O
P =% [oEE v
patient (10)

where E and E are the respective complex conjugates ©diitl E.
Equations (9) and (10) were arrived at from théofeing assumptions.
(i) The skin depth is much larger than the sampieedsion.
(ii) The coll is operated at frequencies well beksif-resonance so that the current is
always uniformly distributed in the coil wiimgs.
(iii) The coil with the patient is not in self rezant mode
In the case, where the skin depth d is smaller tha sample dimensions, equations (9) and (10)igen by
Ly R

P, =% | [oEcEZ27rdrdx (11)
e
P =% | [oE Ef2mrdrdx (12)
where R is the ra)gizz_dof the cylinder and d, thie depth, is given as
d= 2(2@10)% (13)

Since the ratio of JP gives a clue to designing efficient MRI/CW NMR IspiAwojoyogbe focused attention on
equations (9) and (10). The rF voltagg, &ppearing on the capacitor plate was given as

L. L
Vo = EO(E+EJ+ E.L
where E. -5
Kes

V, = k4 EcL + E.L,, so that
ECZ—VO
Lo + Ket

Ec and E are the rF electric field inside the patient amat tof the space between the patient and the eglectively. With
equation (14), (9) becomes

_1 NV, Vs
A I v (v o

(14)

(15)

patient
With an assumed andk spatially uniform throughout the patient, equati®s) becomes
P = oV, Q o Lo (16)
c - 2 .2
Lo
2(L2 + 2LkL , + L?k? )+
(v 20+ L) B2

where Q) is the cross-section of the patient-cylind€;, L, is therefore the patient’s volume.

The rF B field which stimulates the MRI signal is generabgdthe current in the excitor as a result of &dternal
voltage \b, appearing on the coil. The inductive energy of ¢b# equals the circulating energy due to the rHi&d and
therefore
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1 1

—[Bldv==L,17 (17)

24, 2
whereL;is the self inductance of the excitor (after bdaded in the coil. | is related ta, Wy the relation

Vo =2Z, 1 =lal,
Zc beingthe impedance of the coil seen at the inputiteal when the patient is undergoing MRI sequeizgeis different
from the impedance,gZof the coil (at the same frequency) in the abseidhe patient. Then equation (16) becomes

ow’L1%Q L,
P. = ) (18)
(L2 + 2LKL, + L2Kk2)+ =7
2
° ° g2af

The inductive energy is
U =[Lid =1|_i|2.
2

Then equation (18), using equation (17) gives

F.Q. .o
P. = CFQ.w'o J'dev (19)
24, coil
whereC, = Loy 752
L2 +2LKL, + L2%k2)+ =2
Gz s
and
Q
Fe ==F
Qc

(20)

Equation (20) gives the filling factor of the ingtnent.

The rF power loss, & due to the electrostatic coulomb electric fidtgd,inside the patient calculated above by Awojoyogbe
clearly shows that it is the contribution from onhe static tissue. However, along with the stasisue contribution, there
must certainly be a corresponding rF power losa essult of flowing spin in the blood when the patiis subjected to an
MRI/CW NMR scan. Such loss cannot be neglectechasekcitation of the flowing blood spins that adyudring about
flow dependent NMR signal. It is therefore a fdwttequation cannot be said to precisely accounthfo rF electrostatic
power loss as has been presented above. Knowinhdghthalectrical conductivity of the blood varieghnthe velocity [16]
we therefore present a more accurate theory totif@rely account for this loss arising from thiedd velocity.

3.0  Contribution Of Flowing Blood To rF Power Loss In Human Tissue
To account for the rF power in human and show biehat the flowing blood also contribute to thewss absorption, we
shall consider the vessel to be a cylindrical tabeshown in Fig. 3. Suppose the blood is flowing wessel of radius, r; dr
represents change in the cross-section of the lvéss¢he vessel is excited by an rF pulse an etefield E is created by |
so that along the inside of the vessel we havéigleeof which the radial field passes axially thgh the vessel.

The radio-frequency power absorbed per unit volbsnehe tissue and the blood in the vessel is gyen

O O
ok E; _ E;J;

2 2
where O is the electric conductivity of the patient whichn still be considered the same in all parts eftigsue (isotropic
case).J; is assumed as the current density within the piagigising solely due to rF electric field and fenconductivity of

(21)

the blood. Clearly,
Ji = 0ok, (22)

If the length of the section of the vessel lentitough which the blood flows is dl, then the tqtalwer loss with
O

. . . OEf Ef
this section IST 2mrdrdl .
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Es

v

E¢

v

Fig 3 Patient cylinder with blood flowing in &ssel of radius, r. R is the radius of
the cylinder and 5 the induced Faraday field.

Let J; be the induced current density by Bield where

J? = nev, (23)
The total current density with the contributionrfréhe flowing blood will be
3, =nely, +(v)) (24)

where n is the total number of induced chargesethby the rF field, e is the chargé, and <V> denote the drift velocity of
current carriers in static blood and average blma respectively. From equation (24)

1 ) = el + () + 37
= J$(1+<l>j +J7

Vq
which can be written as

0 V booa M 25
0, = 2t Mg @5)
ert 0 0 _ . L
vy =— , J; = Jfl , M, = mass of proton E = E; and 7 is the drift time of the charge carriers in blood.
m

P
The first two terms of equation (25) representdtigent density contribution from the flowing blowadhile the second,,]?2
represents that of the tissue.

Considering now the contribution to power duehe turrent densityJ ?1 and J?Z arising in the patient volume

27rdrdl as given by the patient cylinder in the figure abo
and that due to flowing blood, per unit patienturok

P(Jg) =0, Ey

0 ) — ]

P(J fz) =0.E(E; (26)

Since the total current flowing in the conductomade of the two components, we can write that
— 10 0

.J—Jf1+Jf2 (27)

The total Faraday power absorbed by the patientlresome
vim
Po= [ o,EE]1+ v)me 2mdrd + [ oEE{2/mdrdl
ovlerblood ert f ovlertissue

(28)
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The flow of blood through the vessel is laminat parabolic. Therefore considering the axial velpoif the blood
to be V,, (Fig. 4) its effective value is reduced as onesiders the progresa,from the centre of the vessel to its wall. The
radial velocity is therefore given as

r2
v(r) = vo(l— ?j (29)

wherer is the blood vessel radius.
To evaluate equation (28), we consider that thradzy electric field at any radius, r is

E;, =iaBr (30)
This means the rFHield should be applied in the direction of thexis of the (x,y,z) plane so that the current dgrgoes
in the direction of the patient (x-axis) and

B, =B(r) (31)

Ny

Fig4 Parabolic laminar flow with axial velocity @f blood in the vessel.

Evaluation of equation (28) can be tackle(Blf(r) is replaced by average tBl(r) over the patient, so that

=iaw(B)r (32)
(B) = V—lpj B,(r)2rrdrdl

whereV,, = patient volume subjected to NMR/MRI.
Using equation (32), equation (28) becomes

P= Uba)z<31>2r2(1+<e;rEnPJ2ndrdl+ [o.ef(B) r*2mdrdl

overblood overtissue
volume volume

(33)
Considering now the tissue and vessel radii asgivé-ig 3, equation (33) becomes

P = (B 2 abjr 2ndr+aj r 2ndr+J'r e;‘?‘v{l—rzjzndr L,

= «#(B)) {27701,[ rdr +2nt rdr +2nj re;‘:)<mBP1\; ( —%Jdr}Lo
(34)

‘Ef‘ = average Faraday electric field dngds the patient length. Equation (34) can simplyritegrated to give

et a g,myV rt
(—| t2m| 2P r? - —|dr |L,
4 ° erw(B,) a
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4 4_ 5 \2
=a12<Bl>2 RO, | rm(R a ) 270, myV, r |—o (35)
2 2 era)<Bl> 3 5
which finally gives the Faraday loss as
4 4 4 3
P = 2| /R0, m(R —a) 4o, mov,a
f wz<Bl>[ > T 2 T isera(s) |° (36)

In all these derivations above, we have negletttedskin effect. This means a low frequency NMRudthdoe used
in this case. The above equation (36) shows thatiépends ond,,d,,a, R,Vo,w,<Bl> and T. ThusV, is seen to

influence the rF power loss in patient undergoindRMRI.
4.0 Estimating The Stray-Capacitance Power Dissipation,.P

The stray-capacitance power dissipation is exdtity same as presented by equation (28) excepthbak is
replaced by Eas given in equation (14). Therefore we can write

(v)

— O v mP O
Po= [ 0,EEc|1+ = [prrdrdl + [o.EcEc2mdrdl  (37)
ovlerblood e C ovlertissue
: . Vo : . :
According to equation (14)E. = m where all symbols have the same meaning as defiafite, equation (37)
becomes
= | ToVorVo (144 JanrdI + | TVorVo__ orrdrd
ovlerblood (L + k L (L + k )k ovlertissue (LO + keff L)(LO + keff )
(38)
On inserting the expression fév> and factoring, equation (38) results as
27N, * VL, a a myV,r 2
P. = - ij rdr + JtJ'err + ij' pVo 1_r_2 dr
(Lo + ke L)(L +kGL)| P a 0 v, a
er| ———
L, + Ky L
39
On simplifying equation (39), we have
27N, * VL, a R (L0 + Kyt L)m,,vo a r3
A | 6, rdr +0, [ rdr + o[ |r-—
G kg, L)(L +ky L) " a erv, o a
(40)
which on integration using the same limits of imtggn as before gives
210, * VL, 2|® 2" (L +ka Lmoveay (12 1
P = = 0| = |t = |t
(L, + Ky L)(L +ha L) 2] 2|, er 2 487 )
Inserting the limits will result as
27N, * VL, g2’ oR | (LO + Ky L)rnpvoaba2 "
c (L0 + ke L)(L0 +kGL) 2 2 etV

which is simplified as
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= 4 27, Ly \_Jba2 _,_UtRZ +(|—o+kerf|-)mPVoUbaz_
L +2L kL +L2K2) 2 2 4erV, |

Applying the relationship in equation (17) to edomt(42) knowing thatV, = Z.| = lal,, with all symbols having

meaning as defined before, we have

27t “w’ 2L, ‘_Jba2 N o R N (L0 + Ky L)mpvoa'baz_

Lo +2L kL +12K2) 2 2 4erV,

Equation (43) defines the electrostatic Coulomb goless of both the pétient tissue with the contidn of flowing blood
in the vessels.

c (42)

7

C (43)

5.0 Analysis Of Result and Conclusion

Equations (36) and (43) have been used to compat& and R respectively of the human tissue using the corndticof
blood as 0.0054 mho with patient tissue length.020m and the proximity of the patient to the cétyaft.), varying from
0.005 m to 0.0020m. The result is shown in Tabla)1The ratio of P'P; as calculated is also given in the same table.n\Whe
the tissue proximity to the capacitor is 0.005 giPPis 0.05 but becomes 0.54 at L = 0.002 m at theed#sgue length.
Awojoyogbe [17] in his model (considering no cobtiion due flowing blood) carried out a calculatimhPC/R using the
values of Iy and L. His results are presented in Table 1 (bgomparison, his values of/P; are seen to be quite higher than
those obtained from our present model with pergentariation as high as 81% (Table 2) in the $et 10.02 m and L =
0.005m.

Significantly, the performance of NMR instrumenteaglained earlier requires that the valugPPbe sufficiently low for a
good performance and minimal power loss. The ptesssult therefore indicates that the estimatiorrFofabsorption in
human subject has to some extent something doflwitling blood in the tissue and so be taken intosideration in NMR
instrument design for purpose of accurate medi@ribsis especially at low frequencies. The catmrapresented here
show that blood flow contributes te &d R which hitherto has not been considered an impbftenor.

The problems of power dissipation and temperatar&tion in biological tissue during microwave bdbperfusion and other
activities outside NMR have been given adequatgrivent by other researchers [19-23].

Table 1 Values of R/P; calculated with our present equations (equati®®sand 43) and those of Awojoyogbe [17]

respectively.
Lo (M) L (m) Ly/L Pc/P Pc/P;
(Present values) (Awojoyogbe)
0.02 0.0050 4.0 0.04 0.22
0.02 0.0030 4.7 0.43 0.66
0.02 0.0025 8.0 0.48 0.97
0.02 0.0020 10.0 0.54 1.50
Table 2Comparison of BP; values calculated by Awojoyogbe [17] with thosedzhon our present equations (36) and (43)
Lo (M) L (m) Lo/L R/P; Pc/P (Present| Percentage
(Awojoyogbe) | values) Deviation
0.02 0.0050 4.0 0.22 0.04 81
0.02 0.0030 4.7 0.66 0.43 65
0.02 0.0025 8.0 0.97 0.48 49
0.02 0.0020 10.0 1.50 0.54 36
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2.50E-02 -
2.00E-02 -
a\—_ 1.50E-02
S o —e—Pc/Pf (Lo = 0.02m
a 1.00E-02 . Ec;g}t to = gém)
. —a—PcC 0=0om
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0.00E+00 ‘ w ‘ ‘
0 0.002 0.004 0.006 0.008
Length (m)

Fig. 5 Graph of ## against the proximity of the Patient to the Cajmaiqilate
(L) such that L varies from 0.001 m to 0.006 mrevehthe lengths of
patient are taken from 0.02 m to 1.0 m. The cetidity patient is taken
as 0.4 s/m while that of blood is taken as 0.08%# the dielectric
constant of the tissue.K= 100 and the angular frequency is 6.28 % 10
rad/sec. The axial blood velocity is 10 m/s

2.50E-04 -

2.00E-04 -
&*- 1.50E-04 - _._Pc5P¥ Lo = 8.1m)
O —=— Pc/Pf(Lo=0.5m
O 1.00E-04 - »\V —a—Pc/Pf(Lo=1.0 m%

5.00E-05 4 L. . Pc/Pf(Lo=1.5m

0.00E+00 ‘ \ w w

0 0.2 04 06 0.8
Length (m)

Fig. 6 Graph of PP against the proximity of the Patient to the Cafaiqlate
(L) such that L varies from 0.1 m to 0.6 m whére kengths of patient are
taken from 0.02 m to 1.0 m. The conductivity patiiaken as 0.4 s/m
while that of blood taken as 0.0054 s/m; the digie constant of the
tissue Ky = 100 and the angular frequency is 6.28 %ra@/sec. The axial
blood velocity is 10 m/s.
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Length of Patient (m)
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Fig. 7 Graph of PC/Pf against length of patient)(s0ch that LO varies from 0.1
m to 2.5 m where the proximity of the patienthie tapacitor (L) for the
four graphs 0.10m, 0.20m, 0.25m and 0.30 m. Tinelectivity patient is
taken as 0.4 s/m while that of blood is taken.a8®™4 s/m; the dielectric
constant of the tissue Keff = 100 and the angudaquency is 6.28 x 107
rad/sec. The axial blood velocity is 10 m/s.

6.00E-01
5.00E-01 +

4.00E-01 - —e—Pc/Pf gL =0.001 m

3.00E-01 - —a—Pc/Pf (L =0.002m
2.00E-01 - —a—Pc/Pf(L=0.003m

1.00E-01 -
0.00E+00 T T \ ]
0 002 0.04 006 0.08

Electrical Conductivity (s/m)

Pc/P+

Fig. 8 Graph of &P against conductivity of patiens,() such thatd; ) varies
from 0.01 s/m to 0.06 s/m while the blood conduitiis (o, ) 0.0054
s/m. The proximity of the patient to the capacyitate (L) for the three
graphs are 0.001 m, 0.002 m and 0.003 m whiléethgth of the patient
(Lo) is 0.05 m; the dielectric constant of the tissu&00 and the angular
frequencyw is 6.28 x 10rad/sec. The axial blood velocity is 10 m/s.

2.50E-04 -
2.00E-04
= 1.50E-04 -
> ——Pc/Pf(Lo=1.0m
a 1.00E-04 - —a—Pc/Pf(Lo=15m
—a—Pc/Pf(Lo=2.0m
5.00E-05
0.00E+00 ‘ ‘ ‘
0 0.5 1 15

Electrical Conductivity (s/m)

Fig. 9 Graph of P¢/Bgainst conductivityo ) such thatd; ) varies from 0.2
s/m to 1.2 s/m while the blood conductivity i8@4 s/m. The length of
the patient () for the three graphs 1.0 m, 1.5 m and 2.0 m whie
proximity of the patient to the capacitor (L)J2 m; the dielectric
constant of the tissue K is 100 and the anguéauiencyw is 6.28 x 10
rad/sec. The axial blood velocity is 10 m/s.
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