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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. In 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, Pf, and the 
electrostatic capacitance power loss, PCespecially low frequency fields. For efficient NMR coil 
design, the ratio PC/Pfisone of the most important factors that should be known. Computations 
based on our algorithm showed that the variations of PC/Pf with the patient length (L0), the 
proximity of the patient to the capacitor plate (L), electrical conductivity (σt) at electrical 
conductivity of blood of 0.0054 s/m satisfy the condition PC/Pf<< 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 established of molecules, molecular motion, rate processes and molecular interactions. 
Daily use of this technology results in the exposure to both static and time varying fields. Patient exposure to high intensity 
electric and magnetic fields is likely to increase with the development of high field imaging systems, fast cardiac imaging 
methods and localized magnetic resonance spectroscopy [1]. In addition to patient exposure, the development of intervention 
MR-guided procedures and open magnet structure will substantially increase the exposure of physicians and medical 
workers. The development of 3T and 4T MRI systems that employ more intense fields should be studied carefully to 
determine their potential biological effects (especially sensitive biological systems). Such field condition may produce 
biological effects that are not observed with the current generation of clinical imaging systems. 
In this the total rF power loss, p, inside a patient undergoing magnetic resonance imaging (MRI) examination warrants 
careful study at least a theoretical consideration because of the following reasons: 
(i)Fast changes in magnetic field, which occur during gradient switching, causing  
Faraday current in tissue. The most sensitive tissue to this current is the retina, which can be activated, resulting in flash-like 
sensations. 
(ii)The MR pulses used in MR imaging produces warming of the tissues. This could result in local thermal injury which may 
cause thermal overload with an extra burden on the vascular system. rF heating increases with square of the B1 field strength 
since the absorbed energy is roughly proportional to the square of the rF used. 
(iii)  In medical physics, the amount by which the body temperature can be allowed to rise depends on this power loss 
and it is strictly limited [2-5] so that the biological functions of the patient’s body would not be adversely affected. 
(iv) The characteristics of the isolated coil, electric and magnetic field interactions within the patient, determine the magnetic 
resonance (MR) receiver coil limiting performance.  
 The MR receiver limiting performance depends strongly upon the rF power loss, P, together with the rF power loss 
in the isolated MR coil. The total power loss p, is a summation of two factors: (1) rF power loss Pf due to Faraday induction 
electric field, Ef, induced by the rF B1 field inside the patient body according to the Maxwell’s equation; 

 t

B
E f ∂

∂−=×∇
 

and (2) the rF power loss, Pc, due to the “Electrostatic coulomb’s law electric field, Ec” inside the patient. Ec is produced by 
charge distribution on the NMR coil windings and can be identified with the distributed capacitance along the rF coil and 
some stray capacitances. 
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For a given MR imaging sequence, the Faraday induction power loss, Pf is unavoidable, whereas the capacitive field loss, Pc 

can be minimized depending on the subject coil relationship [6] and coil design properties. Besides increasing the total power 
deposition in biological tissues, Pc can also contribute to the noise of the MRI signal. 
 Knowledge of these two losses and the subject/coil relationships (during actual MR sequences for medical imaging) 
will help us to understand some fundamental coil design properties especially when human patients are subjected to MRI [2-
4], to electromagnetic fields and radiations [1, 7-13]. 
 The results of [14] had earlier shown that the exposure of the uterus of a mice to a high field (4.7 T), long duration 
(8h) MRI alone and in combination with ultrasound exposure (MHz, CW, 5W/cm2 unfocussed) reduced fetal growth, 
neonatal survival, and male reproductive development when it occurred during sensitive times of the developmental cycle, 
and that some of the effects were permanent. Considering the volume of work listed above, the growing interest and 
importance of the knowledge of exact effects of the rF power deposition in the human tissue cannot be over emphasized.  
 Much as the Faraday’s induction electric field loss in a patient subject placed in MRI instrument depends much on 
the electrical conductivity of the subject, more recent studies have also focused on the estimation of the electrical 
conductivity of the human tissue. It has been shown [15] that electrical conductivity of a tissue is inhomogeneous on a 
microscopic scale but on a macroscopic scale the conductivity can be considered to be homogenous. The electrical 
conductivity of a flowing blood has also been shown by [16] to depend on the flow velocity. He also explained that if blood 
flows through a cylindrical tube, shear stresses will deform and align the red blood cells with one of their long axes parallel 
to the stream lines. The pathway of a low-frequency (> 1 MHz) alternating electrical current will be altered by this 
orientation and deformation of the red blood cells. Consequently, the electrical conductivity in the flow direction of blood 
increases. We have derived theoretical expressions for Pc and Pf based on a simple model of the subject/coil system. We have 
considered the patient to be uniform cylinder having spatially uniform (isotropic) dielectric with dielectric constant, K, and 
electrical conductivity σ, of the tissue in the first. The contribution of the flowing blood to these power loses in the case of the 
isotropic conductivity has been clearly presented. 
2.0 Theory 
 
The rF voltage across NMR coil generates a magnetic field vector B1 which in turn stimulates NMR. This voltage gives rise 
to two types of electric field: 
(i) A conservative field or electrostatic field, Ec that obeys the Maxwell’s equations 
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 (ii) The non-conservative field or Faraday field Ef, that obeys Maxwell’s equation 
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       (2) 
Ec in the NMR coil is produced by charge distribution on the coil windings and can be identified with the distributed 
capacitance along the rf coil. The total field E inside the patient is given by 
 E = EC + Ef         (3) 
To calculate the loses PC and Pf, [17], considered a model which the patient was assumed to be a uniform cylinder of length 
L0 and cross-section Ωp, and was inside a curved capacitor plates (which are parallel to the rf coil) such that the cylinder 
surfaces were at distance L/2 from the plates as in Fig. 1. His model was also applicable to the case where the patient (a 
uniform cylinder of length L0) was placed symmetrically around the coil axis; the end being at distance L/2 from the physical 
coil ends (Fig. 2). In this latter model, it was assumed that all the distributed and stray capacitances are replaced by two 
capacitances at the ends of the coil. The rf voltage V0, occurs across the capacitor plates generates the rf electric field, Ec, 
which is parallel to the length of the cylinder. In either case L/2 is a parameter that determines the proximity of the skin to the 
rf coil surfaces or ends.  
To estimate the stray-capacitance power dissipation, Pc, he used the Maxwell’s equations (1) considering the patient as a 
conducting medium having an isotropic conductivity σ. Consequently, from Maxwll’s equation 

 t

E
kj

∂
∂+=×∇ 0001B εµµ

      (4) 

 
( )θω += tjeEE 0         (5) 

 Ej σ=         (6) 
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Fig 1  Two cylindrical curved (charged) surfaces with the Subject symmetrically  
  placed such that the curved surfaces are at a distance of L/2 from the 
              surface of the subject cylinder. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         Fig. 2  Two Parallel Plates such that the Plates are at a Distance of L/2 from the  
   extreme of the Subject/Cylinder. 
 
 Assuming current density j within the patient body arises solely due to the rF electric field and finite electrical conductivity, 
equation (4) could then be written as  
 

 







∂
∂=×∇

+=×∇

t

E
kB

EkiEB

eff001

0001

εµ

ωεµσµ

      (7) 
Journal of the Nigerian Association of Mathematical Physics Volume 23 (March, 2013), 153 – 164   

• • • • • • • • • • • • • • 

L/2 

• • • • 

L/2 
ℓ 

EC 
+ 

+ 

+ 

+ 

+ 

- 

- 

- 

- 

- 



156 

 

Radio Frequency Power Dissipation with Contribution from...   Odoh and Dillip   J of NAMP  
       
Thus effective (phase) dielectric constant, Keff, due to finite conductivity σ, of the sample or patient tissue, which is 
frequency independent over a 0-100 MHz for saline solution [18] in the presence of the rF field of frequency, ω/2π, is given 
by 
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 Assuming the patient to have uniform electric constant, k, PC and Pf can be expressed as 

∫
∗=

patient

CCC dvEEP σ2
1         (9) 

∫
∗=

patient

fff dvEEP σ2
1

        (10) 
where  EC

* and Ef
* are the respective complex conjugates of EC and Ef. 

Equations (9) and (10) were arrived at from the following assumptions. 
(i) The skin depth is much larger than the sample dimension. 
(ii) The coil is operated at frequencies well below self-resonance so that the current is  
       always uniformly distributed in the coil windings. 
(iii) The coil with the patient is not in self resonant mode 
 In the case, where the skin depth d is smaller than the sample dimensions, equations (9) and (10) are given by  
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where R is the radius of the cylinder and d, the skin depth, is given as  

 ( )2

1

22 ωµσ=d        (13) 

 Since the ratio of Pc/Pf gives a clue to designing efficient MRI/CW NMR coils, Awojoyogbe focused attention on 
equations (9) and (10). The rF voltage, V0, appearing on the capacitor plate was given as  
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EC and E0 are the rF electric field inside the patient and that of the space between the patient and the coil respectively. With 
equation (14), (9) becomes  
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With an assumed σ and k spatially uniform throughout the patient, equation (15) becomes 
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where PΩ  is the cross-section of the patient-cylinder; 0LPΩ  is therefore the patient’s volume. 

 The rF B1 field which stimulates the MRI signal is generated by the current in the excitor as a result of full external 
voltage V0, appearing on the coil. The inductive energy of the coil equals the circulating energy due to the rF B1 field and 
therefore 
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where Liis the self inductance of the excitor (after being loaded in the coil. I is related to V0 by the relation  

 ic LIIZV ω==0 , 

ZC beingthe impedance of the coil seen at the input terminal when the patient is undergoing MRI sequence. ZC is different 
from the impedance, Z0, of the coil (at the same frequency) in the absence of the patient. Then equation (16) becomes 
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The inductive energy is  
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Then equation (18), using equation (17) gives  
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Equation (20) gives the filling factor of the instrument.  
The rF power loss, PC, due to the electrostatic coulomb electric field, EC inside the patient calculated above by Awojoyogbe 
clearly shows that it is the contribution from only the static tissue. However, along with the static tissue contribution, there 
must certainly be a corresponding rF power loss as a result of flowing spin in the blood when the patient is subjected to an 
MRI/CW NMR scan. Such loss cannot be neglected as the excitation of the flowing blood spins that actually bring about 
flow dependent NMR signal. It is therefore a fact that equation cannot be said to precisely account for the rF electrostatic 
power loss as has been presented above. Knowing that the electrical conductivity of the blood varies with the velocity [16] 
we therefore present a more accurate theory to quantitatively account for this loss arising from the blood velocity. 
 
3.0 Contribution Of Flowing Blood To rF  Power Loss In Human Tissue 
To account for the rF power in human and show clearly that the flowing blood also contribute to the power absorption, we 
shall consider the vessel to be a cylindrical tube as shown in Fig. 3. Suppose the blood is flowing in a vessel of radius, r; dr 
represents change in the cross-section of the vessel. As the vessel is excited by an rF pulse an electric field Ef is created by I 
so that along the inside of the vessel we have the field of which the radial field passes axially through the vessel. 
 The radio-frequency power absorbed per unit volume by the tissue and the blood in the vessel is given by  

 
22

ffff JEEE ∗∗

=
σ
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where σ  is the electric conductivity of the patient which can still be considered the same in all parts of the tissue (isotropic 

case). fJ  is assumed as the current density within the patient arising solely due to rF electric field and finite conductivity of 

the blood. Clearly,  

 ff EJ σ=         (22) 

 If the length of the section of the vessel length through which the blood flows is dl, then the total power loss with 

this section is rdrdl
EE ff π

σ
2.

2

∗
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Fig 3    Patient cylinder with blood flowing in a vessel of radius, r. R is the radius of  
               the cylinder and Ef is the induced Faraday field. 
 

Let 
o

fJ  be the induced current density by the Effield where  

 df nevJ =0
        (23) 

The total current density with the contribution from the flowing blood will be  

 ( )vvneJ df +=        (24) 

where n is the total number of induced charges caused by the rF field, e is the charge. dv  and v  denote the drift velocity of 

current carriers in static blood and average blood flow respectively. From equation (24) 
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1ff JJ = , pm = mass of proton , fEE =  and τ  is the drift time of the charge carriers in blood. 

The first two terms of equation (25) represent the current density contribution from the flowing blood while the second, 
0

2fJ
represents that of the tissue. 

 Considering now the contribution to power due to the current density 
0

1f
J  and 

0

2fJ  arising in the patient volume 

rdrdlπ2  as given by the patient cylinder in the figure above 
and that due to flowing blood, per unit patient volume 
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Since the total current flowing in the conductor is made of the two components, we can write that  
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The total Faraday power absorbed by the patient now become 
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 The flow of blood through the vessel is laminar but parabolic. Therefore considering the axial velocity of the blood 

to be 0v , (Fig. 4) its effective value is reduced as one considers the progress, a from the centre of the vessel to its wall. The 

radial velocity is therefore given as  
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2

0 1
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where r is the blood vessel radius. 
 To evaluate equation (28), we consider that the Faraday electric field at any radius, r is  

 rBiE f 1ω=         (30) 

This means the rF B1 field should be applied in the direction of the y-axis of the (x,y,z) plane so that the current density goes 
in the direction of the patient (x-axis) and 

 ( )rBB 11 =         (31) 

 
 
 
 
 
 
 
 
 
 
 
 
Fig 4 Parabolic laminar flow with axial velocity v0 of blood in the vessel. 
 

Evaluation of equation (28) can be tackled if ( )rB1  is replaced by average of ( )rB1  over the patient, so that   

 rBiE f 1ω=         (32) 
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where PV = patient volume subjected to NMR/MRI. 

Using equation (32), equation (28) becomes 
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Considering now the tissue and vessel radii as given in Fig 3, equation (33) becomes 
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fE  = average Faraday electric field and L0 is the patient length. Equation (34) can simply be integrated to give 
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which finally gives the Faraday loss as 
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 In all these derivations above, we have neglected the skin effect. This means a low frequency NMR should be used 

in this case. The above equation (36) shows that PC depends on 10 ,,,,,, BVRatb ωσσ  and τ . Thus V0 is seen to 

influence the rF power loss in patient undergoing NMR/MRI. 
 
4.0 Estimating The Stray-Capacitance Power Dissipation, Pc 
 The stray-capacitance power dissipation is exactly the same as presented by equation (28) except that the Ef is 
replaced by EC as given in equation (14). Therefore we can write  
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On inserting the expression for v  and factoring, equation (38) results as 
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On simplifying equation (39), we have  
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which on integration using the same limits of integration as before gives 
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Inserting the limits will result as 
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which is simplified as 
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Applying the relationship in equation (17) to equation (42) knowing that iC LIIZV ω==0 , with all symbols having 

meaning as defined before, we have 
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  (43) 

Equation (43) defines the electrostatic Coulomb power loss of both the patient tissue with the contribution of flowing blood 
in the vessels. 
 
5.0 Analysis Of Result and Conclusion 
Equations (36) and (43) have been used to compute the Pf and PC respectively of the human tissue using the conductivity of 
blood as 0.0054 mho with patient tissue length of 0.02 m and the proximity of the patient to the capacity (L), varying from 
0.005 m to 0.0020m. The result is shown in Table 1 (a). The ratio of PC/Pf as calculated is also given in the same table. When 
the tissue proximity to the capacitor is 0.005 m, PC/Pf is 0.05 but becomes 0.54 at L = 0.002 m at the same tissue length. 
Awojoyogbe [17] in his model (considering no contribution due flowing blood) carried out a calculation of PC/Pf using the 
values of L0 and L. His results are presented in Table 1 (b). In comparison, his values of PC/Pf are seen to be quite higher than 
those obtained from our present model with percentage variation as high as 81% (Table 2) in the set L0 = 0.02 m and L = 
0.005m.  
Significantly, the performance of NMR instrument as explained earlier requires that the value PC/Pf be sufficiently low for a 
good performance and minimal power loss. The present result therefore indicates that the estimation of rF absorption in 
human subject has to some extent something do with flowing blood in the tissue and so be taken into consideration in NMR 
instrument design for purpose of accurate medical diagnosis especially at low frequencies. The calculation presented here 
show that blood flow contributes to Pf and PC which hitherto has not been considered an important factor. 
The problems of power dissipation and temperature variation in biological tissue during microwave blood perfusion and other 
activities outside NMR have been given adequate treatment by other researchers [19-23].  
 
Table 1  Values of PC/Pf calculated with our present equations  (equations 36 and 43) and those of Awojoyogbe [17] 

respectively. 
 

L0 (m) L (m) L0/L PC/Pf   

(Present values) 
PC/Pf  

(Awojoyogbe) 

 
0.02 
0.02 
0.02 
0.02 

 
0.0050 
0.0030 
0.0025 
0.0020 

 
4.0 
4.7 
8.0 
10.0 

 
0.04 
0.43 
0.48 
0.54 

 
0.22 
0.66 
0.97 
1.50 

  
 Table 2 Comparison of PC/Pf values calculated by Awojoyogbe [17] with those based on our present equations (36) and (43) 

L0 (m) L (m) L0/L        PC/Pf 

(Awojoyogbe) 
PC/Pf  (Present 
values) 

Percentage 
Deviation 

 
0.02 
0.02 
0.02 
0.02 

 
0.0050 
0.0030 
0.0025 
0.0020 

 
4.0 
4.7 
8.0 
10.0 

 
0.22 
0.66 
0.97 
1.50 

 
0.04 
0.43 
0.48 
0.54 

 
81 
65 
49 
36 
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          Fig. 5 Graph of PC/Pf against the proximity of the Patient to the Capacitor plate  
  (L) such that L varies from 0.001 m to 0.006 m where the lengths of  
  patient are taken from 0.02 m to 1.0 m. The conductivity patient  is taken  
  as 0.4 s/m while that of blood is taken as 0.0054 s/m; the dielectric  
  constant of the tissue Keff = 100 and the angular frequency is 6.28 × 107 
  rad/sec. The axial blood velocity is 10 m/s 

 

 
 

Fig. 6 Graph of PC/Pf against the proximity of the Patient to the Capacitor plate  
 (L) such that L varies from 0.1 m to 0.6 m where the lengths of patient are  
 taken from 0.02 m to 1.0 m. The conductivity patient taken as 0.4 s/m 
 while that of blood taken as 0.0054 s/m; the dielectric constant of the  
 tissue Keff = 100 and the angular frequency is 6.28 × 107 rad/sec. The axial  
 blood velocity is 10 m/s. 
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Fig. 7 Graph of PC/Pf against length of patient (L0) such that L0 varies from 0.1  
 m to 2.5 m where the proximity of the patient to the capacitor (L) for the  
 four graphs 0.10m, 0.20m, 0.25m and 0.30 m. The conductivity patient  is  
 taken as 0.4 s/m while that of blood is taken as 0.0054 s/m; the dielectric 
 constant of the tissue Keff = 100 and the angular frequency is 6.28 × 107  
 rad/sec. The axial blood velocity is 10 m/s. 

 
 

     Fig. 8  Graph of PC/Pf against conductivity of patient (σt ) such that (σt ) varies  
 from 0.01 s/m to 0.06 s/m while the blood conductivity is (σb ) 0.0054  
 s/m.  The proximity of the patient to the capacitor plate (L) for the three  
 graphs are 0.001 m, 0.002 m and 0.003 m while the length of the patient  
 (L0) is 0.05 m; the dielectric constant of the tissue is 100 and the angular  
 frequency ω is 6.28 x 107 rad/sec. The axial blood velocity is 10 m/s. 
 

 
 

         Fig. 9 Graph of Pc/Pf against conductivity (σt ) such that (σt ) varies from 0.2  
  s/m to 1.2 s/m while the blood conductivity is 0.0054 s/m. The length of  
  the patient (L0) for the three graphs 1.0 m, 1.5 m and 2.0 m while the  
  proximity of the patient to the capacitor (L) is 0.2 m; the dielectric  
  constant of the tissue K is 100 and the angular frequency ω is 6.28 x 107 
  rad/sec. The axial blood velocity is 10 m/s. 
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