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INTRODUcrION 

Two unrelated subjects comprise this thesis. That presented first 

deals with the theory design and construction of induction coils used 

in esrth's field free precession type of nuclear magnetic resonance 

experiments. The second topic is the investigation, by making NMR 

measurements on the human arm, of the nuclear magnetic relaxation 

times for the protons of water in muscle. 

The induction coil which is of interest here is a large air-cored 

coil which in the earth's field NMR technique serves a dual purpose: 

first to magnetically polarize a sample under study; second to pick 

up the precession signal from the component of magnetic moment per

pendicular to the earth's field after sudden removal of the polar-

izing field. The coils described herein were to be similar to coils 

previously used but with a substantial improvement in Q, and conse

quently in the signal-to-noise I'tiltio. This improvement was brought 

about by the use of twisted and stranded wire in place of the solid bell 

wire which was used in the old coils. The stranded wire allowed a re

duction in proximity effect losses in the coil to the extent that the 

ac resistance of the ~oil ~t 2.3 !Ofa (the I.armor precession freq_uency 

of protons in the earth's field)~ became of the order of the de resis

tance of the coils. 

Actually two coils are req_uired for such experiments. One performs 

the above-mentioned functions while a second, so designed that ambient 
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electroIIBgnetic noise picked up by both coils is the same, is wired in 

series am aligned antiparallel with the first so ttv:ct this noise is 

cancelled or "bucked" out. Two sets of coils we~'e .constructed, The 

first consists of two identical coils; the second set uses a concentric 

bucking arrangement-- a center coil identical to one of the coils in 

the first set and two outer coils in a Helmholtz arrangement for the 

bucking coil. 

The objectives sought in the second section of this thesis were 

to investigate the possibility of using a hU!lBn or perhaps an animal 

2 

limb for NMR measurements on muscle and to extend information on proton 

relaxation times in muscle gained by other workers tb fields lower 

than had previously been used. 

Bratton, Hopkins and Weinberg (1965), using high field NMR eq_uip-

ment and with a sample of frog muscle wired for artificial stimulation, 

have reported finding a field dependence for T1 (the longitudinal re

laxation time) for the protons of water in the muscle, and have found 

that the transverse relaxation time, T2 , is dependent upon the state 

of the muscle. T2 was found to increase with tetanic isometric contrac-

tion and with exhaustion of the muscle over that value of T2 found for 

the relaxed muscle. At the same time no field dependence was found for 

T2, and T1 appeared to be independent of the state of the muscle. These 

measurements were carried out at two field strengths corresponding to 

Larmor freq_uencies of 24.0 MHz and 4.3 MHz. In the paper by Bratton, Hop-

kins and Weinberg, three possible models were suggested that might ac-

ount for their results. Their data was applied to the most attractive of 

these with somewhat inconclusive results. 



The earth's field apparatus seemed ideal in some respects for ex

tending this work. The two great advantages are that measurements of 

relaxation times can be made over a wide range of field strength, and 

sample preparation is convenient. 

3 



CHAPrER I 

PROXIMITY EFFECT AND THE USE OF STRANDED WIRE 

Losses due to the skin effect and proximity effect are both attribu-

table to eddy currents. In the skin effect, eddy currents are caused by 

the fluctuating rragnetic field present when a conductor is carrying an a.c 

current. The magnetic field lines for an isolated wire of circule.r cross 

section are circles concentric about the axis of the wire and existing in 

the wire as well as externally to it. Eddy currents will circulate in such 

a manner that the main current is augmented near the surface of the wire 

and is reduced toward the center. The result is that as the frequency is 

increased the current tends to be restricted to the surface area of the 

wi.re. The exclusion of current in the center of' the wire requires also 

the absence of any magnetic field in the interior so that the depth to 

which there is appreciable current is a.lso that depth to which the mag

netic field ef'fectively penetrates.1 For an examination of the skin ef-

feet from a field point of view, see Welsby (1960), pp. 46-52. 

Proximity Effect 

The term "proximity ef'fect" refers to losses in a conductor which 

~he attenuation of the current in the wire is of' the form I=I0 e-ax 
where I 0 is the current density at the su..."i"f'ace of' the w'"ire and x is the 
distance radially into the conductor. The depth of' penetration is usually 
defined as that depth at which the cu..YTent density is atten'!l8.ted to 1/e, 
or one neper, of its value at the sttrface. 

4 
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is under the influence of fields origiDSting external to it. When two 

wires are lying side by side and carrying an ac current, the rmgnetic 

field affecting one is the vector sum of its own field plui:, that due to 

the other. This enhanced field in the interior of the wires gives rise 

to proportionally larger eddy currents representing greater losses. The 

current distribution is no longer radially symmetric about the center of 

the conductor but will become more concentrated toward one side as the 

frequency is increased. Formulas exist for computing the proximity effect 

resistance for various cases such as two wires in parallel, two wires in 

a return circuit, wires carrying current differing in phase, three wires, 

etc. (Dwight, 1945) 

In the 1920's the radio industry vas in its adolescence and there 

was a great need for good design formulas for radio frequency coils. 

Outstanding pioneers in this work were s. Butterworth and R.G .. .Med.burst. 

Early efforts resulted in successful formulas for such rela.tive!y sim-

ple systems as groups of conductors and idealized coils, but real coils, 

i.e. multilayer solenoids, were too com.plicated.2 The development of 

useful formulas required some empiricism; coils were actually constructed 

and measurements carefully 1!8de on them. 

In a nrultilayer coil of the type which is of interest here, the mag~ 

netic field which most turns experience is perpendicular to the axis of 

the wire, and the frequency is low enough that skin effects are negligible. 

Eddy currents induced circulate in such a manner to concentrate the cur-

2when skin effect is not negligible the t'ield external to the 
wire is modified in the vicinity of the wire, leading to a rather com
plicated situation for the purposes uf mathematical analysis. Bessel func
tions mu.st be used and as the system becomes more complex the computation 
quick!y becomes impossibly difficult. 
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rent on one side of the wire, thus effectively increasing its resistance. 

Since over the windiug cross section of a coil the flux density B varies, 

so too does the a·~ resistance of any given turn. Those turns near the cen-

ter and on the core of a multilayer solenoid offer the greatest resis-

tance while the outermost turns account for the least losses. 

In Welsby's The Theory and Design of Induction Coils, the fol

lowing expression for the ac resistance (Re) of a coil is derived: 

eq. 1. 

A is the packing factor (ratio of total wire cross sectional area to 

coil cross sectional area) of the coil, dis the diameter of the wire in 

centimeters, f is the frequency and Lis the inductance of the coil in 

henrys. pis a constant for a given coil and is dependent upon the 
H J, 

quantity· ( mean ) where H is the mean field intensity averaged 
NI , mean 

over the winding area, £ is the total length of wire, N is the number of 

turns and I is therms current in the wire. It is in the evaluation of 

this quantity that empiricism plays an important part. Butterworth pub-

lished expressions 
H i, 

from which the quantity ( mean ) can be calculated 
NI 

for multilayer solenoid coils. In Welsby's book this is given as a plot 

so that for a coil of given dimensions the value of~ can be found. L 

needs to be known, and expressions for inductance of a coil will be dis-

cussed later. Upon examination of eq. 1 an obvious way to decrease Re 

would be to use snaller diameter wire, that is wire with thick insula-

tion. This would also decrease "A so that if small wire of diameter dis 

used instead of wire of larger diameter D., Re would be reduced by a. fac-
4 

tor~. However the de resistance of the .coil will be increased by a 
D'+· 

2 
factor~ 
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Stranded Wire 

A common approach by which eddy current lesses are minimized is to 

modify the conductor-to increase the resistance for the eddy currents. 

This DBY be accomplished by subdividing the conductor in the direction 

of the eddy flow (e.g. the lamimtion of transformer cores). If a wire 

i.n a coil is simply stranded then the losses are the sum of the losses 

in each individual strand plus losses resulting from eddy current cir-

culation from one strand to another via the end conneetions. This lat-

ter contribution DBY be elimimted by the axial twisting of the stra~ded 

wire. How this is so ma.y be seen by referring to the die.gram in F:igure l • 

In part (a) there.are two strands con-

nected at their end points and these 

wires are in a uniform alterDe.ting mag-

netic field in a direction pez:pendic-

ular to the page. This is the same sit-

uation as far as eddy currents are con-

cerned ae a coil wound with wire of two 

strands and untwisted if the field of 

the coil were uniform over the volume 

of. the coil. F.a.ch of the individual 
. .. . -

strands will have in their bulk circula~ 

(a) 

Figure 1. Twisting of a 
wire strand pair for ed
dy current reduction, 

ting eddy currents and in addition there will be a flow of eddy current as 

· indicated by the arrows· during one half-cycle when the .f'iel.d is increa-
1 

sing and into the pe.ge. This latter current is directly proportional to 

the flux enclosed by the two strands, the induced e. m.'i'. t:r.i: the ci:rcui t 

being equal to the time rate of cba.nge of the flux in the area enclosed 
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by the two strands, and by Lenz's law it is in such a direction as to op-

pose \;he changing f'lux that gives rise to it. If one end of the pair of' 

st:;r·,~-11ds is twisted a half turn relative to the other as is depicted 

(b), then the induced currents, which would circulate i.n the same sense 

in each loop, tend to cancel each other out. If the f'lux intercepted 

by ea.ch loop is the same, that is if'·their areas are the same and the 

field is uniform, then the cancellation is complete, Loops·:f'ormed by 

any two strands in a multistranded twisted wire present equal areas to 

the flux so that this cancellation can be thought of' as taking place in 

pairs of strands. The requirement that two successive loops of' the tw:i:s-

ted wire be in a unif'orm field can be met if there is at least half a 

twist in each turn of the coil. For a more complete discussion of twis-

ting, the reader is referred to Welsby (1960), PP• 54-55 and chapter IVo 

With this portion of the eddy current taken care of' by axial t~~s-

ting, there remains only those losses in each individual strand. Then 

the ratio of the ac resistance of a coil to its inductance, wound with 

stranded and twisted wire, is the same as in a coil wound with a solid 

wire of the same·diameter of a strand in the first, with length the same 

as the total length of the strands and with the same dimensions. Compar-

ing the losses, or the a.c resistance as given by eqo l, of the two iden ... 

tical coils, one wound of solid wire diameter D, and the other with 

stranded a.nd twisted wire with strand diameter d, for the second coil 

Re is less by a factor~ over the first if the difference in the psck
D 

ing factor, A, is neglected. 



CHAPI'ER II 

DESIGN OF THE NEW COILS 

Previously two sets of coils had been constructed; the second pa.ir 

was to differ from the first in that it consisted of -seven sections to 

reduce the self-capacitance of the coils. These coils were not put into 

use because of their low inductance. The dimensions and electrical speci-

fications of one of these coils is given in Figure 2. Land Rdc were 

Dimensions given f'or sec"tion width 
are approximate. 0.1 inch thick 
spacers separate the sections. There 
are 285 turns in an end section and 
nominally 120 in a 6Iua.ll .;cs!tic:n. 

L = 43.2 mh Rdc = 3.4 ohms 
Q = 27 (at 2.3 KHz) 
f = 62 KHz (self-resonant frequency) s 

Figure 2. Specifications for one of the old coils. 

measured on a General Radio portable impedance bridge. Q was measured 

by a method to be discussed later. 

Requirements for the new coils other than a high Q were: 

1. The same core diameter as the old coils so that sample con-

ta.iners previously used could continue to be used. 

2. The proportions for the new and old coils should be about 

9 
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the same. 

3. The de resistance should be about the same is for the old 

coils for the reason of compatibility with the existing 

circuitry used for the control of the polarizing current. 

Like the second coils, these coils were to consist of seven sections each. 

If two coils are otherwise identical except that the first is wound 

of stranded wire with n number of strands and the second is wound with 

solid wire, the ratio of the ac resistance of the first to tha.t of the 

second is: 

where the subscript 1 refers to the coil with stranded wire and the sub-

script 2 refers to the coil with solid wire. ~ is dependent only upon 

the proportions of a coil, so P1 = p2 . L1 = L2 if the stranded wire bun

dle is about the diameter of the solid wire so that the number of turns 

· of the two coils is equal. Then 

eq. 1. 

Now the packing factor of the coil wound with solid wire is: 

l2 = Nrrd22 
4A. 

where N is the number of turns and A is the cross sectional area of the 

coil, that is the coil's length-times the winding depth. For the coil 

wound with stranded wire the packing factor is: 

11.l = NnTTd12 

~ 
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Then eq. 1 becomes: 

eq. 2. 

If it is further required that the cross sectional area of the stranded 

wire is equal to the cross sectional area of the solid wire, or nd12 = a22, 

then eq. 2 becomes: 

Re1 = l 
Re2 n 

This latter requirement will in itself prohibit the conditions L1 = L2 

and the number of turns in the two coils being equal from being possible 

simultaneously; however the error resulting from this assumption will 

surely be small enough for present purpose, which is to choose a suit-

able strand number and to have some idea of" how much reduction in ac 

resistance can be expected. The ac resistance of the old coils was 19.1 

ohms; then 

Rel = 1_9.1 
n 

Strand number should be a close-packed number so that the stranded wire 

will have a minimum resistance for the space it occupies; also this will 

minimize the error in assuming that the two coils could have the same 

packing factor. Suitable strand numbers are then 7, 19, 37, etc. Nineteen 

was chosen to be the number of strands; this would give an expected ac 

resistance of about 1 ohm or only about 3CJI, of the de resistance. The 

strand number 37 was rejected because the srrall increase in coil Q that 

it would afford would possibly not be worth the disadvant..ages there might 

be in using a wire of so maey fine strands-- more likely strand breakage, 

shorting of strands, etc. Also there was some concern about the in-
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creased wire surface area in using ll'BilY strands; if in the fabrication of 

the wire there is some contamination with ferromgnetic particles from 'the 

extruding die, then it would be desirr:.1iJ.e to keep the total surface area 

of the wire in the coil from being too great. 

The strand size used was AWG #27, for nineteen times its cross sec

tional area comes closest to the cross sectional area of AWG #14, In 

the discussion above the insulation thickness was ignored. The insul

ation was to be a film type, perhaps formvar; for a heavy film the insul

ation accounts for about 51, of the diameter of AWG #14, and about 12% 

of the diameter of AWG #27-

To get a better idea of the improvement in Q that could be expected 

using 19/27 stranded wire instead of 14 gauge solid wire, calculations 

for Q were ma.de for two coils, one wound with the stranded wire and the 

other with solid. The additional layers in the end pieces of the coils 

were considered to be uniformly distributed over the entire length of 

the coils; the length and core diameter of each were to be 7.1 and 3 

inches respectively, and the de resistance of' each vas to be 3.4 ohms. 

The coils were not considered to be composed of sections. The calcu

latio~ would also serve as a check for the formulas used, since the cal

culated values for the solid wire coil could be compared to the measured 

values for such important quantities as Q, the inductance and the a.c re

sistance. 

Dividing 3.4 ohms by the linear resistance of each type of wire gave 

the length of wire required for each coil. 

For both coils the diagram below defines the symbols used for var-

ious dimensions: 
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r 

-------- Ic 
,.. 1 .. , 

Figure 3. Coil used for calculations. 

For the coil with 14 gauge wire: 

W = total length of wire= 1345 feet 
d = diameter of wire with insulation= 0.066 inches. 

From the previous coils about 4~ of the winding thickness was unaccounted 

for by the wire thickness, so the diameter of wire used in calculataion 

was 0.0678 inches. 

Other relationships used were: 

W = 2TTNr where r = ! (r1 + r 2) 
N = £c = the number of turns. 

d2 

From this: 

r = (Wd2 + 2 )i 
2 TT 1., rl 

The packing factor, A, for this coil would be: 

Nnd2 
A= 4k. 

From these equations the following values for the coil were calculated~ 

r2 = 2.38 inches 
c = o.88 inches 
N = 1320 turns 
A = 0.681 
r = 1.94 inches 

For the inductance the expressions found in Welsby (1960), pp. 42 and 44 

were used; tbey are: 
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L = 4n2~2N°2 Kn_ 10-9 henrys (rand Lin cm,) 

where Ku is a correction factor for multilayer solenoids and 

1 
~~~~~~~~~-

1 + 0.9(1) + 0.32(~) + o.84(1) 
The inductance of this coil was then calculated to be 6o.7 mh. 

Since the extra windings on the end pieces were considered to be dis-

tributed over the length of the coil. thus ma.king a more compact coil, 

the inductance found by calcul.ation would be expected to be somewhat 

greater than for one of the real coils. 

The equation used for the ac resistance of the coil was 

and was discussed in the previous section. Q for this coil was 

Q= 

and was calculated for a frequency of 2.3 KHz to be 28.2. This is 

very near the measured value for Q for the second coil, which -was 

27.6, so it was hoped then on the basis of this that the calculated 

Q for the coil with stranded wire would.be a realistic value. 

Calculations for the coil with stranded wire are the same as the 

above except in this case the packing factor is: 

where N is the number of turns and n is the number of strands. Also 

the diameter of the stranded wire is considered to be five strand dia-

meters. Results of the calculations were: 



L = 1255 feet 
r 1 = 2.55 inches 
c = 1.05 inches 
r = 2.03 inches 
A = 0.476 
N = 1180 turns 

From these values, further calculations gave: 

L = 52.5 rnh 
Re= 0.93 ohms at 2,3 KHz 
Q. = 175 at 2.3 KHz 

The decrease in inductance of this coil compared to the previous one 

reflects the fewer number of turns possible if the de resistance is tc 

be held to 3.4 ohms. Actually, at least as many turns will be needed 

for the stranded wire·coil to be constructed in order to assure a suf-

ficiently high inductance. 

On the basis of the above calculations it -was expected that the 

15 

Q of the coil that was to be constructed would be better by a factor of 

around 6 over the coils previously used. 

The coil winding form used for the previous coils -was to be used, 

and so each section would have a width of 1.1 inches. Five times the 

strand diameter with insulation was taken as the diameter of the stran-

ded wire, and this would then allow layers of thirteen turns for each -

section. The previous coils had nominally 120 turns in each section, 

and thirteen into 120 would give nine layers required. Ten layers was 

chosen as a better number ~flayers to insure a sufficiently high in 

ductance. The number of layers for the end sections was to be twice that 

in the smaller sections plus one layer, or 273 turns. Then with the calcu-

lation of the expected winding thickness for the end sections and the smal-

ler sections, the total length of stranded wire required.was calculated. 

This was 1310 feet which should have a de resistance of 3.5 ohms. 
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Notes on the Construction of the Coils 

When vinding of the sections was actually begun, it was found that 

thirteen ;urns fit well in the first layer on the coil form, but due to 

the way successive layers lay on each other: the second and every other 

even numbered layer took twelve turns. If ten layers were wound, there 

would then be 125 turns in each small section rather than 130. It was 

then decided that eleven layers might be better; the de resistance would 

be increased somewhat,. but it was felt that the increase in inductance 

afforded would make it worth while. Each small section would then have 

138 turns and the end sections 288. 

The wire used was 19/27 with Polytherrra.leze 200 (polyester) film 

insulation~ and it was purchased from the New England Electric Wire Co. 

of Lisbon, New Hampshire. A coating of epoxy was put on each layer of 

the sections as they were wound, and the outer and final layer of each 

section was well sealed with epoxy. The control of the number of turns 

in each section got better as experience in winding was acquired; a few 

sections out of the fourteen wound (seven for each coil) bad one or 

two turns more or less than the 138 or 288 desired, but most had the 

right number. 

The expected inductance for a single section :was calculated with 

the equations given above and excellent agreement was found with the 

measured values. The inductanc.e __ for the smal1::).. sections was with some 

small variation., 1.9 mh, and for the end sect.ions 9.1 mh. 

Measurements 

The inductance and the de resistance of the coils was measured 
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on a General Radio portable impedance bridge, and for inductance an ex-

ternal signal gerierator set at 2.3 KE.z. was used with the bridge. Singly 

the inductance of the two coils w .. ~, .1 

L1 = 52.5 millihenrys 
L2 = 52.6 millihenrys 
Rdc (for both)= 4.2 ohms. 

With the coils in series and bucking (that is anti-pa.ra.1le1) the indnc-

tance was 106.5 millihenrys. 

The following circuit was used f.or determining the Q of the eoils ~ 

R 

Figure 4. Circuit for Q measurement. 

The subscripts A and B refer to the two channels of the du.al-trs.ce osciJ-

loscope preamplifier used. C was a polystyrene capacitor of very low 

loss, R was an appropriate value and carefully measured resistor~· and the 

signal source was a Hewlett-Packard model 200 signal generator. The gen-

era.tor voltage was applied to both vertical channel Band to the horizon-

tal amplifier so that phase differences introduced by the scope amplifiers 

themselves as frequency was varied could be checked. Fourteen values of 

capacitance were used for c, corresponding to resonances from 840 Hz to 

22.5 KRz for one coil alone. For each value of capacitance the signal 



generator was adjusted for resonance, and this occurred when the dis-

played ellipse due to the voltage at point A and that at point B either 

closed, indicating the tuned circuit was purely resistive, ,.,r at the 

higher frequencies when the ellipse could be matched to that due to 

the same input {point B) into both horizontal amplifier and vertical 

amplifier so that what phase difference there was between the two sig-

na.ls was introduced by the scope amplifiers only. 

If Vis the voltage at point A (the voltage across the tuned cir

cuit), and His the voltage at point B (the generator voltage), then 

H-V is the voltage drcpped across the resistor R. The impedance of 

the tuned circuit at resonance is then: 

z=lR. 
H-V 

To account for the effects of the input resistance of the scope ampli-

fiers losses in the tuning capacitor and the self-capacitance of the 

coil, the following expression is used to compute the Q of the coil: 

=_L 
Xe u(; 
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Rin= input resistance 
of scope 

XL= ulI. 
5 = dissipationfactor 

for tuning capa
citor 

This expression is derived in the appendix. If these influences in the 

measurement of z are negligible then the Q is simply 

Only for one coil were measurements ma.de for a plot of Q vs. fre-

g_uency (see fig. 3). For the other coil and for the coils antiparallel, 
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Figure 5. Q versus frequency for one of the new coils, The straight 
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Q was-f'ound for several frequencies on either side of 2.3 KHz. 

The Q for both coils separately at 2.3 KHz w.:\s 154; for the coils 

in series and antiparallel the Q was 148 at 2.3 KHz. The self-res-

on.ant frequency of the one coil alone was about 8o KHz corresponding 
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to a self-capacitance for the coil of about 75 pf, and for the two coils 

together the corresponding values were 46 KHz and 113 pf. 

From design considerations of the coils it was determined that 

an increase of a factor of six for the Q could be expected for the 

new coils compared to the old, and this factor turned out to be by 

measurement 5.6. 

B/I Calculation and Measurement 

When polarizing a sample for NMR measurements it is necessary to 

know accurately the flux density of the polarizing field. If B/I or 

the flux density per unit current is known for the coil, then a simple 

measurement. of the polarizing current is all that is needed. 

An expression for B/I along the axis for a simple multilayer coil 

was derived, The expression is exact in the sense that it is for a 

Symbols used are defined by the diagram on the next page. 

B/I was calculated for each section for a point on the axis and at 

the center af the coil and the results summed. The value found was 58.7 

gauss/am~ for B/I at the center of the coil. 
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Figure 6. Diagram for B/I expression. 

A Bell Model 300 gaussmeter was used to measure the field in the 

coil while the current was measured with a Simpson precision VOM. A 

sufficient number of measurements was rrade to plot B/I along the axis 

of the coil and transverse to the axis at the venter of the coil and at 

about the inner edge of each end section (see Figures 7 and 8). Heating 

of the gaussmeter probe by the coil was a problem, particularly at the 

points near the inside surface of the coil. Many measurements were made 

at each point at different times and using different ranges on the gauss-

meter; an electric fan was positioned to circulate air through the core 

and the probe was removed from the coil between each measurement -for 

points off the axis. Discrepancies between B/I on the exis in Figures 7 

and 8 are due to the fact that B was measured along the axis on two 

different gaussmeter ranges and the values averaged, while measurements 

transverse to the axis were taken with only one range. From the plot 

the value for B/I at the center and on the axis is 59.3 gauss/amp, in 

disagreement with the calculated value by about ii. 
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CHAPI'ER III 

CONCENTRIC BUCKING COILS 

Before, two identical coils have been used for NMR measurements~ one 

coil for polarization of the sample under study and the subsequent pick-

up of the ensuing precession signal and the second coil for picking up 

superfluous noise which is common to both coi.ls so that wi 'th the co.Us 

antipa.rallel this noise signal is cancelled out. For noise bucking by 

this a.rn.ngement the magnetic flux density ideally should be cor..sta.ut iu 

the plane perpendicular to the axis of the coils; if such is not the 

case, the difference in the average flux for each coil, which induces 

an e.m.f. with a freq_uency in the bandpass of the tuned circuit, will 

appear as noise. 

Consider two concentric coils with 

thei.r axes in they direction as in 

Figure 9. The induced voltage in 

one of the coils is C = N~ where 
dt 

N is the number of turns in the 

coil and cp is the average flux 

enclosed by ea.ch turn. This can 

be rewritten as: 

.... 
n d.a 

where Bis the flux density and 
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Figure 9 . 
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the integration is performed over an aYerage area enclosed by one turn, 

If By is the ave:age y component of the flux density B., then t:he ex-

presslon for i1,riuced e.m.f. can be written 

where again A is the average area enclosed. by a turn of the coil. If 

By is constant or varies linearly i.n the x-z plane, then the a.ver.;.ge 

flux density for any two concentric circular areas in the x-·z plane 

would be the same, Then the condition N1A1. = N2A2, where the sub

scripts refer to the two different coils a,s indicated in the d1.agra.ms 
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will insure that the voltages i.nduced in each of the two coils a.re e(luaL 

Another way of stating this condition is that the sum of area enclosed 

by turns, or the area turns of the two coils., must be eq_ual. 

While the variation of the flux density in a plane perpendicu.l.a.r 

to the axes of two concentric coils may not be linear:. to the degree 

tr.iat it is, the noise c£u:i.celle.tion will be c:omplete. 

It was decided to construct such a pair of coils wi.th the inner 

one to be identical to those whose design was previously discussed in 

this pa.per. 

Design of the Concentric Bucking Coil 

An expressi-on was developed for the area-turns in a coil so tbat 

a. large concentric coil could be designed that had the sa.me area·-turus 

as the coil. designed previously. Referring to Figure10 on the foDowing 

Ndr · t' d · 1 d · t ~ t t"'-t· th t f' tl page, . is ne ra ia ensi y or urns so L.ll:,I, e area urns o De 
C 

coil is given by~ 
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Area -,turns = f2 nr2 N£!: 
C 

-- TTN (r 3 r 3) -. 2 - 1 · 3c d.r 

This quantity was calculated for one , 

of the seven-section coils; once for 

an end section and once for one of the 

five small sections., and the resul.ts 

summed so that for the whole coil the 

area-turns was ~ound to be 1.774 x 104 

Figure 10. Diagram for 
area-turns expression. 

A disadvantage of the concentric bucking coil is that it picks up 

a portion of the precession signal so that it is somewhat deleted. It 

was decided that the concentric coil should be of such dimensions that 

its pickup of the precession si.gnal would be a.bout 3% of triat signal 

strength induced in the inner coiL 'l'his is equ.ivalent to the concen-

tric coil having a. B/I at its cent.er of about 3% of the B/I of the po-

larizing coil at the center. 

Three concentric coil configurati.ons were considered; a single 

thin coil, a Helmholtz arrangement of two coils, and e. solenoid coil. 

'I'he first would have to be of rather large diameter to have the re-

quired area-turns and the third would limit cooling to some extent of 

the polarizing coil, so tha~ a Helmholtz cynfiguration was chosen. 

For a first approximation in the design the simple formulas 

N 8 
B II = ILD:_ ---rf. 

I I' 5..it2 

for HelrrJ10ltz coils and 2NTTr for the area-tu.rns ( where N is the number 



of' turns in one coil) were used to plot B/I vs. radius of the coils and 

F/I vs. the number of turns. From this plot it was found that with 

N = 42 turns and r equal to about eight inches the B/I at the center 

for the Helmholtz coils was very nearly that reg_uired above. 

Using the more exact expression;: (r23 - r 13) for the area-turns 

and setting the expression equal to 1.774 x 104 in2, with N = 84 and 

selecting c so that it was six layers of 19/27 stranded wire, calcu-

lations resulted in r 1 = 8 inches and r 2 = 8.44 inches. The important 

g_uantities for the concentric coils were then: 

N = 42 turns (one coil only) 
L = 0.61 inches (width of one coil) 
c = o.44 inches 
r 1 = 8.o inches 
r 2 = 8.44 inches 
a = 8.22 inches (center to center separation 

distance of the two coils). 

B/I was then calculated using the more exact expression previously used 

and was found to be 2.92 gauss/amp, which is 5i of the value for B/I 

calculated for the polarizing coil. 

Two forms cut from a solid piece of phenolic were used for the 

26 

concentric coils, and winding was done directly on these forms. The wire 

was ~9/27 stranded wire and the coils had each six layers with seven turns 

per layer. For the inner coil and the outer concentric coils the follow-

ing measurements -were made: 

Inner Coil 

L = 52.0 mh 
Rdc = 4.15 ohms 
Q = 148 at 2.3 KHz 
f = 80 KHz 

s 

Helmholtz Coils (two together) 

L = 3.76 mh 
Rdc = 1.15 ohms 
Q = 46.5 at 2,3 KHz 
f = 157 KHz s 

With the three coils together and bucking: 
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L = 51.6 mh (by imped. bridge) 
= 51,2 mh (by c~pacitance required for res. at 2,3 KHz) 

Q = 123 at ;2.3 KHz 
f 6 = 74.5 IOfa 

Measurements for Q were ma.le in the same manner as previously described, 

and these values of Land Rdc were made on a General Radio portable im

pedence bridge. 

B/I was determined for the polarizing co.il and for the concentric 

coils on a Bell Model 300 gaussmeter. B was measured for the three 

coils together, in one case with the fields of the Helmholtz coils and 

the polarizing coil opposing, and then with the fields adding. The re-

sults were B/I for the polarizing coil alone, 58.4 gauss/amp, and for 

the Helmholtz coils alone, B/I was 2.36 gauss/amp or less than the cal

culated value by 19~. 

Evaluation of Concentric Bucking 

In order to accurately compare the improvement of flux noise buck-

ing of the concentric coils over that of the identical coils; ideally 

noise pickup by both sets of coils would be measured simultaneously with 

both sets in the same noise environment. Since this was not possible With 

the equipment that was available it was hoped that some indication of the 

relative effectiveness of the two sets of coils could be ma.de by meas-

uring their noise pickup separately in the same noise environment. 

In the lab each set of coils was tuned to a frequency of 2.3 KHz; 

their pickup was amplified by a Tektronix model 122 differential pre-

amplifier with a modified bandpass frDm 800 to 6000 Hz. The measured 

gain of the amplifier at 2.3 KHz was 680. The noise "'18.s then read on a 

Ballantine true RMS voltmeter. model 320A. Since the concentric coils 
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were not inductively symmetrical for provision of a refel'ence point for 

-differential amplification, they were tuned with two identical capacitors 

in order to provide the required circuit symmetry .. Background noise 

during these measurements was from the fluorescent lights and the elec-

tronlc equipment. 

Noise from each set of coils was measured as a function of thei.r 

orientation with the coil sets rotated both in a plane perpendicular to 

their axes and parallel to their axes. Plots are given in .Figures 11 and 12 

showing the results of these measurements. In the plots with the coils' 

axes horizontal, the coils' axes were parallel to the fluorescent light 

bulbs at O and 180 degrees. With the coil axes vertical, a si.gna.l gen-

erator was connected to an inductor and set to radiate at 2.3 KHz. This 

inductor was at a distance of about twenty feet from the coils. With 

the radiating coil at this distance it was found that the concentric 

coils picked up no measureable amount of the 2.3 KHz radiation, and the 

noise on the plot for the concentric coils is predominantly from the 

fluorescent lights. All that the results of these measurements in the 

lab demonstrated was that the concentric coils were built properly; it 

remained to be seen whether the noise at the outdoor location where NMR 

measurements are actually made has a sufficient gradient so that the 

concentric configuration would be beneficial. 

With the coils outside, the preamplifier was followed by an output 

filter with a bandwidth of about 200 Hz centered at 2.3 KHz. This was 

a different Tektronix 122 preamp and it had a gain of 1200. The preamp 

output filter consisted of a high Q inductor in series with a capacitor, 

and the voltage was measured across the inductor, thereby providing an 

{ 

f 
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overall system gain of 15,700 at 2300 Hz. Noise was measured with both 

sets of coi13 and with the preamplifier i-aput shorted, both at the dis-

tant end of the 100 foot cable and at the input of the preamp. 

Noise transients were observed with both coil sets; the following 

values are those recorded during "quiet" periods when the signal from 

the coils was fairly constant: 

identical coils 
concentric coils 
cable shorted 
preamp shorted 

5.5 mv 
4.o 
2.5 
2.5 

voltage (true RMS) 
0.35 microvolts 
o.,_25 II 

0.16 II 

0.16 II 

The noise due to each coil set is the square root of the differ-

ence of the squares of total noise and preamp noise alone; so that for 

the two coil sets the noise was: 

identical coils 
concentric coils 

0.31 microvolts 
0.19 II 

The therrral noise for each set of coils was calculated using the ex-

pression 
1 

E(rms) = (kTwX)2 

where k is Boltzmann's constant, Tis the absolute temperature in degrees 

Kelvin, w is the resonant frequency times 2TI and Xis the inductive re-

actance of the coil. From this the ther!!Bl noise found for the iden-

tical coils was 0.30 microvolts, and for the concentric coils 0.21 

microvolts. Therefore only the thermal noise of the coils had been 

measured. By observing on an oscilloscope transients that occurred, it 

was not possible to determine whether one set of coils was better than 

the other in noise bucking. 

The period over which these preceding measurements were DBde was 

a poor one for the present purposes; the ambient noise was very low. 



Only with use under different noise conditions will it be found whetbe.z-

the concentric con.figuration will prove to be more effective iu. buck·· 

ing t.t..a.n the identical coils. 

A - Cone. Coils /80° 

O - Identlo~I Coils 

0 
Figure 11. Noise vs. orientation; rotation is in plane 

of coil axis. Noise includes that due to preamplifier. 

180' 

0 
Figure 12, Noise vs. orienta-cion; rotation is in plane 

perpendicular to coil ax.is. Pickup by concentric coils 
is represeuted by circle at about 30 microvolts. 
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CRAFTER T.V 

INTRODUCTION TO PROTON RELAXATION IN MUSCLE 

The muscle and in particular the phenomenon of contraction, has in 

recent years been a subject of intense investigation, and much in:forme.-

tion bas been gained in regard to the structure of the agents of con-

traction as well as the dynamic chemistry of muscle cells. As in any 

living cell, water plays diverse and important roles in the muscle 

cell or fiber. The role water plays in the actual process of contrac-

tion is also with little doubt diverse and important. 

In the skeletal muscle of man the water content of a wet muscle, 

that.is as it is found in the body. is nominally 80~ by weight and 

around 80'1i of this water is intracellular. The rerraining extracel-

lular wate~ the interstitial or tissue fluid, is in composition sim-

ilar to blood but distinguished from it by the absence of the blood 

cells and some of the larger molecules found in the blood. Additional 

blood volume in the muscle is about one-third that of the interstitial 

fluid. The interstitial fluid is a homogeneous aqueous solution, while 

in contrast, the fluid inside the muscle fibers, due to the semiper-

mea.ble properties of the fiber's membrane and the internal structure 

of the cell, may be considered a. multi-phased medium. 

The remaining portion of the muscle is largely protein. In a single 

muscle fiber are many fine fibers of about one micron diameter which are 

called myofibrils. These myofibrils, which are the actual contractile 
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structures, are composed prinBrily of the proteins myosin and actin. 

This then is II very general picture of the environments in which a 

water molecule in muscle D'll.Y find itself: in a homogeneous phase 

outside of the muscle fibers; inside the cell in an inhomogeneous 

phase, the water molecules influenced more or less strongly by as-

sociation with protein. The bulk of this protein is in structures 

which play a direct or indirect role in the primary function of the 

cell, namely co~traction. 

Bratton, et al., using a skeletal muscle of a frog, found that at 

fields corresponding to I.armor frequencies of 24.o MHz and 4.30 MHz, 

T1 was 400 msec at the larger field and 250 msec at the smaller. T1 

appeared -to be independent of the state of the muscle while T2 was the 

same at the two field strengths and increased with teta.nic isometric 

contraction from 40 msec for relaxed muscle to 60 msec with exhaustion 

of the muscle. These results did not permit a homogeneous phase for 

the water, and three models were suggested that might account for them. 

That most attractive on the basis of their work was a two phase model 

for water in the muscle cells, the exchange rate of water molecules 

between the two phases being sufficiently great that unique effective 

transverse and longitudinal relaxation rates were observed. These two 

phases were termed liquid and solid-like., the former being character-

ized by a correlation time T1, and the phase of water with restricted 

rotational freedom by T2 • These correlation times were considered to 

meet the condition 

where U) 
is the I.armor freq_uency. 2n In the limiting case of fast ex-
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change, the total magnetization of the sample decays toward equilib-

obs rium with a time constant T , where 

{1) 

where the superscripts 1 and 2 refer to the two phases whose corre..:. 

lation times were previously so designated. f is that fraction ,~f 

the water in the solid-like phase and (.1-f) is that fraction liquid. 

The general expressions for the relaxation rates for intramolecular 

proton-proton dipole interaction in a liquid such as water having two 

protons per molecule are: 

(2) 

(3) 

- i h 2c2 . where K - 2 b2 , bis the gyromagnetic ratio of the proton and bis 

the proton separation distance on a water molecule. Applying the con-

dition imposed on the correlation times of the two phases and combining 

the resulting equations for the effective relaxation rates observed re-

sults in the rate equations used by the authors: 

where the authors differentiate between the constants~ and K2 for the 

two phases. With the substitution of their data. into the rate equations, 
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T2 = l.6 x 10-7 sec and fk2 = 9.42 x 107 sec-2 and the product 5(1-f)k1T1 

is 2.39 sec. !:a.king the further assumption that rather than being given 

by eq. (3) above, T2 may have reached its asymtotic value, they go on to 

predict a range of possible values for f of from 4.5 x 10-6 to 1.5 x 10-3, 

the latter which they favor, corresponding to the interaction strength of 

water protons in ice. It is pointed out that in the transverse relax-

ation rate equation the solid phase contribution is dominant over tl::ia.t 

due to the liquid phase so that with contraction, a decrease by 20'{o in the 

fraction f would account for the observed muscle-state dependence; th:i.s 

situation would account also for the field independence of T2 . Conversely3 

the liquid phase dominance of the longitudinal relaxation rate would re-

sult in the apparent muscle-state independence and the field dependence 

observed for T1 . 

The work carried out and described in the following pages was in-

tended to determine whenter useful measurements on muscle could be made 

using as convenient a sample as the buma.n arm with low-field NMR appa-

ratus, and if so to further investigate the relaxation rates over a much 

broader, though lower, range of fields. Furthermore, it was hoped that 

the adequacy of the model proposed by Bratton, Hopkins and Weinberg could 

be tested. 



CHAPTER V 

THE EK:PERIMENT 

With the low field mm equipment used i.t is possible to measure 

longitudinal relaxation rates in fields from one gauss up to a.bout 390 

gsuss in increments corresponding to fifteen different field strengths. 

This range in I.armor precession frequency for protons is from 4,26 KHz 

to 1.66 MHz. The transverse relaxation rate can be measured only iD the 

earth's field, that is at a I.armor frequency of 2.3 KHz. 

The coils used for polarization of the sample and pickup of the en

suing precession signal were those described in the first section of this 

thesis, the polarizing and bucking coils being those identical to each 

other. The core diameter of these coils is tJ:i..ree inches, and the length 

is 8.2 inches. It seemed most desirable to have a subject 1 s upper arm 

in the coil rather than the forearm because of the larger sample volume 

of muscle afforded. However there was some difficulty in finding upper 

arms meeting the dimensiona.l requirements imposed by the coil. Of the 

four people who served as subjects, forearm measurements only were made 

on twoo 

Anatomy of the Arm 

A general survey of arm anatomy is necessary in view of the fact 

that water occurs in a variety of tissues and structures in the a.rm ~nd 

any signal received from proton precession in the arm will be a composite 
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signal, the components of which are not all of interest here. The major 

t.'.ssues found in the arm are muscle; the fascia which is itself a mt~m

'brane that jackets each individual muscle but which is associated with 

fat that cushions the muscle; the skin and its associated underlying 

fat; the marrow of the bone; the connective tissues; and the blood. 

In the forearm are found nineteen different muscles whicb are di

vided up in two major groupings: the flexors and the extensors. The 

muscles of the flexor group are located mostly on the anterior side of 

the forearm, that is on the side of the palm, and as indicated by the 

name of this grouping, they are responsible primarily for gripping action. 

The extensor muscles, which among other things extend the fingers, lie 

primarily on the posterior side of the arm. Some muscles in both of 

these groups are responsible for the many movements of which the wrist 

and forearm are capable. Most of these forearm muscles taper off ra

pidly toward the band and a few inches above the wrist are replaced by 

tendons that pass on through the wrist making their insertion attachment 

in the band. For the present purpose this situation is important in 

several respects: 1) there are so me.ny muscles that the fascia and the 

fat surrounding each muscle represents quite a portion of the volume of 

the arm which might normally be thought of as solid muscle 2) tendons 

comprise a sizeable portion of the forearm 3) attempting to tense all 

muscle to a fair degree simultaneously might be a problem, although 

me.king the arm tensely rigid seems to involve all the muscles of the arm. 

The fraction of the total arm volume represented by each different 

tissue will vary from individual to individual. The arm of one of the 

earlier subjects was x-rayed snd the volume of tllat portion of his arm 
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in the coil was measured by water displacement. With this inf'ornation 

an attempt was nade to determine the volume of each of the major compo-

nents of the arm, and in pa.rticular the volume of the muscles. On the 

x-ray, which was taken in two orthographic views, two boundaries could 

be distinguished: that between the bone and the surrounding tissue, and 

that between the fascia which encases all the muscles together and the 

fatty tissue underlying the skin. 

The volume of the forearm in the coil was found to be 557 ml. The 

volume of bone, the skin and underlying fat, and the muscle, which here 

is taken to be everything but the other two components, was found to be 

as follows: 

volume ~ skin and fat 142 ml 
bone 47 ml 8 
muscle 368 ml 66 

total 557 ml 100 

This volume of a segment of the arm cited above is less than was in 

the wound length of the coil. In the first section of this thesis a 

plot of the axial field to current ratio for this coil was given (see 

Figure 7), Since the axial field decreases-rapidly along the last inch 

of either end of the coil, the effective sample length was considered to 

be from midpoint to midpoint of the coil's end sections. 

The volume of muscle itsel:f is probably about 60'1i of the total vol-

ume., or 344 ml. Of this volume, water is about·Bo~ or 267 ml. As was 

mentioned earlier, part of this water is intracellular and pa.rt extra-

cellular. The water in the muscle can then.be broken down as follows: 



total water in muscle 
water in the muscle cells 
water in muscle but not in cells 

267 ml 
214 ml 
53 ml 
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In addition to the intersitital fluid there woul;\ be some 18 ml of blood 

in the muscle. 

The anatomy in the upper arm is much simpler than that in the fore-

arm; there are five muscles divided into flexor and extensor groups, the 

action of which is at the elbow and the shoulder joint. The tendons con-

necting these muscles to bone are quite short. From the x-rays of the 

upper arm of the same subject as above: 

volume -1._ 
skin and fatty tissue 218 ml. 26 
bone 42 ml. 5 
muscle 580 ml. 69 

total 840 ml. 100 

Using the same distribution of water in the muscle and assuming that 65% 

of the total volume is muscle rather tbsn the 69% calculated from the x-ray~ 

total we.ter in muscle 
wster in the muscle cells 
wm.ter in muscle but not in cells 

437 ml. 
328 ml. 
109 ml. 

The upper arm of this subject was slightly too large for the coil, but the 

preceding figures indicate the relative muscle water in these two portions 

of the arm. The ratio of muscle water, or muscle volume in the upper arm 

to that in the forearm is 1.63 to 1. It was hoped that results of the 

preceding considerations would not be far wrong for any of the subjects 

used in the experiments since their arms were of similarly lean proportions. 

It should be pointed out that although the muscle is only about 2/3 

of the volume of these two segments of the arm, the muscle water actually 

accounts for a much larger portion of the total water in the arm segments, 

This is so -because fatty tissues contain relatively little ·wa.ter. 



The subject, seated beside the coils, with one arm in the polar

izing co::l, was grounded in common with the electronic equipment to 

minim5 z,'? noise. It was found that the subject could have one arm in 

each coil and not be grounded or one arm in and be grounded with no 

difference in the noise. The latter arrangement was used for greater 

comfort of the subject. 

The Measurements 
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In order to measure T1 over a range of field strengths down to one 

gauss, two different experiments are required. The first, which will 

here be referred to as experiment #1, involves polarizing the sample for 

a variable length of time and observing the relative signal strength 

for each of these periods of polarizing. The second, for low fields, 

involves polarization of the sample for a sufficient length of time 

that the sample is fully polarized; then the polarizing current is 

reduced so that relaxation occurs in the smaller field with a time con

stant T1 . This "pedestal" experiment will be refered to here as exper

iment #2. The magnetization diagrams on the following page illustrate 

the above. 

The amplitude of the signal induced in the coils by the precessing 

magnetic moments of protons is proportional to the magnetization, and 

after amplification what is actually observed with an oscilloscope is a 

2.3 KHz signal decaying with a time constant T2 representing the decay 

of the !Tl!ignetization in the earth's field. T2 decay curves, as on the 

diagrams, are then directly observed. In experiment #1, at time t, and 

in experiment #2 at time tp + t, the sweep rate of the oscilloscope is 
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triggered; but due to the "ringing" of the coils at precession frequency 

it is not until a time ,.., as indicated on the diagrams., ·that the desired 

signal can actually be measured. By varying the polarization time t., or 

the pedestal duration t., all the resulting signal amplitudes observed at 

time t + T., when plotted against t., give the exponential magnetization 

curve with time constrant T1 for the sample in the field B or Bped ac

cording to the experiment. As long as,. is constant it can be neglected 

for the purpose of finding T1 • The time Tis about 100 msec when using 

the full Q of the coils. When a resistor is placed in parallel with the 

coils to lower their Q to about 25., Tis around 45 msec. If T2 is on 

the order of 50 msec for the water in muscle., the the major portion of 

the decay signal will be lost before it can be observed. 

If the amplitude of the signal is E(t) at time t, then for exper

iment #1: 

(1) 

and for experiment 1/2: 

E(t) = ~ + (Ei-~)e-t/T1. (2) 

E~ can be found in experiment#l, and in experiment 1/2 for the larger ped

estals., by letting t>> T1, Since by Curie's law Mai, the full magnet-

ization, is directly proportional to the field strength., and therefore 

to the current., then 

So long as the pedestal currents are known only one Em, either from ex-

periment #1 or from high pedestals in experiment #2, need be measured. 

Rearranging equations (1) and (2) and taking the log of each side: 

\..': 
,t 
' 



1 [Bcxi-E(t)J- /T n - -t 1 ECD 

for experiment i/1, and for experiment #2: 

ln f~( t) - L]= -t/T1 . 
[Ei - L 

(3) 

( 4) 

Each of these equations for two different times, t 1 and t 2, are sub

tracted from each other resulting in th~ final expressions from which 

T1 is found: 

( 5) 

for experiment fl, and 

T = t2 - tl 
1 (EC t1) - E=) 

in\E{t2> - ~ 

(6) 

for experiment :/}2. In experiment #1 the log of E= -E{t) is plotted 

against t, and from the slope of the line T1 is found. In experiment 

#2 log E(t) - E= is plotted against t. 

! 
l 



CHAPI'ER VI 

THE RESULTS OF FORFARM MEASUREME1'.'l'S 

The first subject was male, twenty years of age, of lean proportions 

and with a muscle tone which was probably average for his age. Th.is sub-

ject was available for only a short period of time, and unfortunately the 

weather was typified by electrical storms and damp ground resulting in 

rather poor noise conditions. The second subject, for whom the arm wa.-

ter calculations in a previous section were made, 'Was a sixteen year old 

male. His arm muscles were somewhat "softer" than the first subject's, 

being probably typical for a boy in early puberty. Over the three week 

period that measurements were made on this subject the noise conditions 

were better than previously, and in addition to measurements on the 

field dependence of T1, and T2 measurements in the earth's field, at

tempts were made to determine the amount of water in his arm from tbe 

precession signal. 

The results for T1 field dependence for the two subjects appear to 

agree well, although there is a good deal of scatter in the data. Figure 

14 is a plot of T1 vs. field for both subjects. Some anomalies appeared 

in the first set of data taken. T2 in the earth's field was found to be 

about 4o msec, in good agreement with that found by Bratton, et al. (1965), 

However in the dozens of times in which T2 data was later taken, no value 

for T2 was ever measured that 'Was less than twice this. It is possible 
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that an error was mde in recording the oscilloscopr· sweep rate, though a 

careful examination of the original raw data seems to rule this out. Con

ceive.b3¥ a ferromagnetic object on the subject's persl)ll dehomogenized the 

earth's field, and resulted in a spuriously low measurement of T2 • Other 

results from measurements on the first subject which stand out from the 

same measurements on the other three people are unusually low values for 

T1 at low fields. A possible explanation for this will become apparent 

in the discussion of the data from the last two subjects. In Figure 15 

are some typical plots of date. for T1 from subjects land 2. 

It should be mentioned in regard to sample T1 data. plots that for 

experiment #1 de.ta, the points on either end of the time scale are corr

sidered the least reliable because when tis srre.11 the data. points are 

the difference of E~ and the smallest E(t), which is that with the 

poorest S/N ratio; the points at long tare the difference of two large 

numbers so that any error in one or both of these signal amplitudes is 

exaggerated in their difference. In experiment #2, the points at short 

t 1 s are considered the most reliable and those at long t's the least 

because of the decreasing S/N ratio with longer pedestal duration. 

In the T1 data plots it often was the case•t:ba.t the points at the 

shorter and longer t's lay above the apparent best straight line. On 

the premise that perhaps the curve actually was nonexponential due to 

two separate components, experiments were undertaken that would hope

fully exaggerate the two components if indeed they did exist. 

It was first thought that if there were two components, the shor

ter one would have e. T1 around 100 msec while the longer T1 would per

haps be .on the order of a second. T1 was measured at 120 gauss and one 
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gauss with polarizing-times of 500 111Sec, l sec, and 10 sec. With the 

short"polariztng time there woul.d be proportionally more of the short 

T1 compor.Mmt present in the initial msgnetization for the lower fields, 

and with the long polarizing time surely both com:pon.ents would have 

reached full nagneti-zation before they began their decay into the 

120 and 1 gauss fields. Also the pedestal time duration was taken 

out to longer times than .had previously been used. These efforts 

failed to -exaggerate any ~eparate components; in fact, the data looked 

very much like that which had been gotten all along. Similarly T2 was 

measured with different polarizing times and similarly the results 

were n-egative in aiding in re-solution of two separate -components. The 
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data was in general -good, and it was concluded at this point that either 

the re:l.axation is act~lly exponential or the two components have re-
--

laxat±un times wich are much more nearly equal than bad been supposed. 

It should be remembered that because of the time lag between the pedes-

tal cut-off and when the precession signal is actually seen, the amp-

litude of a signal with a short T2 will be greatly reduced from its 

initial amplitude at pedestal cut-of'f. More will be said about this 

matter when the data from the upper arms of the last two subjects is 

discussed. 

Measurements were nade on the second subject to determine the a.rm 

water volume from the precession signal so that this could be compared 

to that calculated from the x-ra.ys. Two different approaches were made. 

First the sigcal amplitude from the forearm was compared to that from 

a known volume of water. Second, T1 and T2 data was taken on the fore

arm alone and then with the forearm and a sample of water both in the 



·coil. ,Particularly tbe first method depends on the linearity of the pre

:amplifier i'or signals at very dif'i'ere1it amplitudes. This was checked and 

·found to be quite good. Also the f:1.-~ld over the volume of samples to be 

compared must be tmit'orm; i'or the signal received from a unit volume of 

the sample is·proportional to the ayerage value of the axial field com

ponent for tmt volume element. Although this condition could only be 

met for samples of identical siz·e and shape, the error in the methods 

used was felt to be sufficiently snall for -present purposes. 1 

In the first method, T2 f'or {tap) water was found to be 1.45 sec

onds, and the maximum signal received from the water with long po1ar

izing time was 2.58 volts, ·peak value. The average value for T2 was 

.found i'or the forearm of this subject to be 87 msec. The maximum sig

nal from the arm was o.84 volt when the T1 data from experiment #2. is 

extrapolated back tot=·::>. Volume of the water sample was 200 ml., so 

that correcting for a time lag of 100 msec after coil current cut-off, 

the volume of arm water in the fores-rm segment is: 

The calculated water in the arm segment was 267 ml, total. The water 

calculated to be in the muscle cells themselves for this subject was 

200 ml; however the signal for all the water should have been what was 

measured, not just the intracellular water. If the data is not expo

nential with one component too short to resolve., then of course there 

was error in extrapolating the arm T1 data back tot= 0 pedestal dura-

1see plots of the axial field to current ratio for these coils, 
page 22. 



tion., as well as in the correction for the 100 1nSec time lag. lfon-expo

nential _ relaxatiou ·nay therefore be responsible for the discrepancy be

tween the eatinated water volume of 297 ml and the measured volume of 

194 ml. · Another possibility is that with the arm in the c~il the Q of 

the coil was lowered., reducing the observed signal in proportion to Q. 

It was hoped that the second method would avoid the latter possibility. 

Small samples of water were placed in plastic bags for the second 

method of arm water volume determination. The two sets of' T1 data 

using experiment#!., one of the arm alone and one with arm plus water., 

were plotted on the same semilog paper and extrapolated back tot= o. 

The two curves were then subtracted from each other to give a Ti curve 

for water alone.. This was done on two different occasions, the first 

time with 25 ml of water and the second time., on a different day., with 

50 ml of' water. The curves from both of these sessions are shown in 

Figure 16. The signal amplitude for the water alone at t =O when the 

two.-curves are subtracted one from the other does not agree with the 

signal amplitude measured for the water samples alone in the coil. This 

is indicated in Figure 16 . If the difference of the two T1 curves is 

taken as that due to the water sample alone., then the arm water volumes., 

when corrected for the dead time., are 260 ml and 244 ml respectively 

for the : 50 ml and 25 ml tap water experiments·. If' the independently 

measured water sample amplitudes are used with the T1 intercept at t = 0 

for the arm alone., as was done in the first method., then the volumes of 

!lrm wter are found to be 195 ml and 2o8·· ml for the· 50 ml and 25 ml ex

periments respectively., in good agreement vith the first method., above. 

rhe discrepancy between the two methods may be accounted for by the 
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>resence of the a.rm and arm plus water lowering the Q of the. coils so 

;hat the gain of the system was less when an arm was in a coil than 

rhen measurements were ne.de on the water sample a.lone. If this is the 

:ase then the figures for the arm water volume are 260 ml and 244 ml, 

rhich agree reasonably well with the 267 ml calculated t'rom the x-ra.ys. 

L of the coils with and'without an arm had been measured much earlier 

md found to be essent;i.ally the same, but thi-s would not rule out the 

>ossibility that the 'coils had since become more lo_ssy. With use the 

:ilm insulation of' the coil wire ~trands in the core wear down and 

;here could have been some c.ondensed moisture on the plastic water bag 

Lnd perspiration from the arm. A partly shorted turn could result 

.n a substii.ntial decrease in Q. 

Up to now little has been said about the results of T2 measure

neuts other than that found for subject #1 was an odd value. Many 

~2 determinations were made on subject #2. T2 data was taken over a 

~a.nge of 100 msec, tha.t is from the interval from 100 msec to 200 

nsec afte~ coil current cut-off. The average value for all the deter

ninations is 87 msec, though the best data., that with practically no 

,catter, gives a value for T2 in the earth's field closer to 90 msec. 
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CHAP!'l!It VII 

UPPER ARM MF.A.SUREMENTS 

The third subject was a thirteen year old boy. His upper a.rm fit 

somewhat loosely in the coil; it was about 8.5 inches in circumference, 

filling about 87~ of the available coil core volume. The fourth sub

ject was a wonan fifty-nine years of age. Her upper arm ma.de a tight 

fit in the coil providing a larger sample volume than any of the pre

vious people. In general the arm makeup of' both of these last two 

subjects d±f'fered from the earlier subjects in that there was an ap

preciable layer of fat on their arms. 

The reason that the results of measurements on the upper arms 

are presented separately is that the signal to noise for this data was 

improved, and the primary T1 and T2 relaxation was found to be non

exponential. As was previously discussed, the data. from the furearm 

appeared to be perhaps nonexponential, but as a rule the scatter in the 

data. was too great to be certain of this. That T2 data, a.swell as 

T1 data, was nonexponential became definitely apparent when the pre

cession signal was plotted out over the interval from 50 to 200 msec 

instead of the 100 to 200 msec inter-val that bad before been used for 

T2 determination. Failure to take into account this systeITBtic cur

vature in the forearm data from which T1 and T2 were extracted perhaps 

accounts partially for the rather large scatter in the T1 field depen

dence plot for the first two subjects. 
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The most obvious explanati_,n for the nonexponential de.ta is that 

what is being seen is the sum of two or more separately decaying expo

nential signals. This would require two or more environments for pro

tons in the arm between which the exchange rate of water molecules is 

negligibly low. Bratton, et al,, assume for their model that there are 

two phases with a sufficiently fast exchange rate that the relaxation 

of the muscle water protons is effectively exponential. A third pos

sfbility is that exchange between the environments is at an interme

diate rate so that neither of these extreme situations is applicable. 

In order to discover which of' the two possible explanations £or the 

nonexponential nature of the T1 and T2 data is correct, the following 

analysis of the data was mde. The data. used was from the fourth sub

ject because she was available "for measurements over a long period of 

time. 

T2 data was broken up into two components and these extrapolated 

back tot= O. The two intercepts should represent the relative water 

volume for each of the environments, and if the relative volumes can-

not be accounted for on anatomical grounds then this would indicate in

termediate exchange. In Figure 17, T2 data i_s plotted out to 200 msec; 

the two components are shown extrapolated back tot= O. There is a. 

good deal of arbitrariness involved in drawing the long time tangent, 

and any error is exaggerated in the resulting short time component, 
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From a number of reasoDable tangents drawn it does appear, though, that 

the two components are about equal, so they are assumed to be so. Com

paring signal amplitude £rom a knO'WD. volume of water, the su..~ of the com

ponents requires a water volume of 560 ml and therefore a water volume 
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for each environment of 280 ml.. 

The thickness of the skin and the underlying £'atty tissue of this 

subject was estimated by "pinching'' her arm; it appeared to be about 

3/8 of an inch thick on the average., being much thicker on the under 

side ot' -the·arm than on the top. Taking the arm diameter to be three 

inches., the same as that of the coil core., and considering the bone to 

comprise 5~ of the total arm s-egment volume., as was found for the sub-

ject whose arm was x-rayed., the volume of the arm breaks down as fol-

lows: 

skin and underlying fatty tissue 
muscle (including inner fascia and fat) 
bone 

350 ml 
450 ml 

40 ml 

If the volume exclusive of the bone and the skin and underlying fat 

is taken to be entirely muscle, then the water in the muscle would be 

360 ml., or 801, of the muscle volume. Since the v1ater content of adi-

pose or fatty tissue is negligibly low and the sign.al amplitude from 

the arm corresponded to a water volume of 560 ml, not only can two 

separate but equal components not be accounted for anatomically, but 

even the total signal 3mplitude measured cannot be explained. 

Independent measurements were mde on pork fat tis.sue. Any 

appreciable signa.l from such a sample must be accounted for as being 
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due to the protons of molecules comprising the fat, since the substance 

fat comprises some 95'1, of adipose tissue. The results of these measure-

ments on fat were a T2 in the earth's field of 47 msec and an extrapo

lated signal amplitude., when compared to that from a known volume of 

water, corresponding to an equivalent water content of fat of 57%• 

Applying these results to the makeup of the fourth subject's arm: 



fat volume 
equivalent water volume for fat 
total water in muscle 
sum (total equivalent volume contributing to signal) 

350 ml 
200 ml 
360 ml 
560 ml 

Exact·agreement between the expected water volume from the signal ampli-

tude and the estimated equivalent water volume is certaiDJ.y a coincidence, 

but the fact that there is agreement between the two figures .is inter-

esting. The relative amplitudes for the two components, however, remain 

to be explained. If the thickness of fat under the skin was one-half 

inch, the expected results for equivalent water volume would be those 

found, but this large an error in estimating the fat thickness is un-

likely. It is a physiological characteristic of older people that 

there is a good deal of fat accumulation thr9ughout the body regardless 

of whether or not the person appears obese. The above results could 

well be accounted for by the large fat volume required by the signal 

amplitude being distributed throughout the muscle, that is thick adi-

pose layers associated with all fascia in the arm,at the expense of mus-

cle volume. If in this arm segment there was 490 ml of adipose tissue 

' 
and 350 ml of muscle, the results would be about those found from the 

measurements. 

On the basis of the above it is tempting to assign the short compo-

nent from the T1 as well as the T2 data as being due to fat, and the long 

time component as bei~ due to water in the muscle. Thi$ would further 

explain why the nonexponential character of the data was difficult to de-

tect from the forearm measurements since the two subjects used were lean 

young men. However, earlier T1 and T2 data ha.d been ta.ken on beef fa.t, 

and although the data was not of good quality due to the low signal, these 
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measurements save a T2 in the earth's field of 77 msec and a T1 at one 

gauss of abon:t 100 msec. The beef fat was very hard and unlike that in 

texture expected in an arm~ It rem.ins to be seen whether the fat with 

which we are concerned is better represented in composition by the beef 

or the pork fat samples used. Certainly before definite conclusions can 

be drawn this natter needs to be further investigated. It can safely be 

concluded from the signal amplitude that there is not a third component 

of very short time constant that the effective dead time renders unde

tectable. 

The problem then arose of how best to describe the T1 and T2 data so 

that a meaningful T1 field dependence could be shown. It was decided that 

for the purpose of later analysis it might be desirable to describe the 

data as fully as possible by showing both the field dependence of T1 for 

the two separate components and the field dependence of the limiting 

slopes from the data. Therefore the analysis of the data was rrade in the 

following ways: 

1. If there were two proton populations with no exchange., the data. 

would properly be described by the two s.eparate component·s. The field 

dependence of these components is shown in Figure 18. 

2. In order to further describe the actual data. taken., time con

stants corresponding to two tangents to the data curves are given in Fig

ure 19. The line drawn tangent to the curve at t = 0 gives what is here 

referred to as T1 in the short time limit, and the other tangent gives 

the corresponding T1 in the long time limit. The latter is, of course, 

the same as the long component in Figure 18. 

3. If there was sufficiently fast exchange between the proton pop-

ulations, the T1 data would be linear on semilog paper. Therefore a 

f 



"best" straight line was drawn through the data. In order to mini

mize the arbitrariness of decid1,1g what the "best" straight line is, 

the line used was drawn throu~)l the amplitude points at t = 0 and 

t = 200 msec. The resulting line bas about the slope that in most 

cases a line drawn .through the·most points would have. This line 

is approximately parallel to a tangent of the data curve at the 

point of maximum curvature. T1 field dependence with this ans.lysis 

of' the data is shown in Figure 20· This should appear most like 

that from the forearm measurements. In Figure 21 are typical T1 

data plots for two different fields along with the graphical man

ipulations performed on them. A si.rnilar aoalysis of T2 data was per

formed. 

Measurements of Proton Relaxation in Blood 

T1 and T2 rneasurement-s were made on cow blood in the hope that 

the results would in some way shed some light on the previous arm mea

surements. The sample was 500 ml of cow blood taken from a freshly 

slaughtered animal. As soon as the sample bottle was filled it was 

sealed and within a period of about twenty minutes measurements were 

begun on the sample. The T1 and T2 data was to all appearances expo

nential. The field dependence of T1 along with the earth's field value 

for T2 a.re shown in Figure 22.. After several weeks of refrigeration, 

measurements were again rrade on this sample. T1 was measured at only 

three fields, but t.his indicated that the field dependence was essen

tially the same as it wa.s for the fresh blood with the T1 curve in the 

low fields shifted up in T1 by about 30 msec. 



l.0,---,1 . T1 vs. Larmer Frequency 

Independent Component Analysis of 18ta 

o- Subject no. 3 
o- Subject no. 4 
A- Bratton, et.al. 

Curve is that predicted from the Bratton, 
Hopkins & Weinberg theoretic model. II 10 a 

0 

-- I 
0 d 

~ ~ 0 0 0 0 

t:: 8 
0 O' 
~ 
t> 0.1 T: 
0) 

'-

~ . 
0 § 8 D 

0 0 D 0 X A I A 
D 0 T.e Tz 

D 
D 

D 
T2 D 

~01--------------........... .-. __ __. ________ .............. ..._ __ _... ____ _.. __ .._._._...._ _______________ ...._. ______ ..._ __ 
10~ 10 4 10 5 10 6 107 

Larmor Fre'l.uency (Hertz) 

Figure 18. T1 versus the Larmer precession frequency; data was considered 
to be the sum of two independent precession signals. 

VI 
\0 



l.O: 
---
·-
'i-

. i-

, ... -0, 
~ 
C: 
C) 

~ 
4.> (J.J 
~ 

~ 

I-.... 
: ... 
I-

... 
I-

.. 

.. 

.0.01 
105 

·-
I. '11 I I I 'I J I J I I I • -1 I I I •· I I .I I f I . . . . .. ·• ·• ~· ' ; 

~ . 
• . 

' A, 

' 
~ Ill A e 

I EB ' EB 1 EB ED e 0 e ED 

0 0 
Bl R ·A 8 D 0 
7,. C 0 

El 
,,_, 

·T1 vs. Larmor Frequency 
. . 

:."Limiting :Sl:opes Dat&r·A~l.y:sis .. - . -
. 

D . 
T2. 

T1 in the short time 1imit: A I),. . 

o- Subject no. 3 Tz Tz 
o- Subject no. 4 . 

T1 in the long time limit; 
ED -- Subject no. 3 
1B - Subject no. If. . 
A- Bratton,et al. 

. . . ... • ., . O O I I I .I I . . . . . . . .. ... . 
10 4 10 5 106 107 

Larmor Fre'l.uency (Hertz) 

Figure 19. T1 versus the Larmer precession frequency for limiting. ·slopes· data a.na·lysis~-

~ 



1.0 --
.. 
... 
... 

... 

... -~ 
~ 
Cl 
~ 
ltl 0.1 

"' '-

E,..."" 

---
-
... 
I-

-

""' 

0.01 
10 3 

D 
T2 

r 

. . I .. • I . J ..I I I I . ,I A ,I I ,I 

I:! 

. - 0 0 

~ i ~ 0 § 
D 

0 8 0 

0 

T1 vs. Larmor Frequency 

"Best Straight Line" Data. Analysis A ' T2 
; 

O• Subject no. 3 
o- Subject no. 4 ~- Bratton. et al. 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II 

10~ 10 5 10 6 107 

Larmor Fre'l.uency (Hertz) 

Figure 20. T1 versus the I.armor precession frequency. Data was analyzed 
for the best straight line (see text). · 

. 

-

I 

.. .. . . 
• 

A• 

~ 

• 

.. . . . 

. 
A. 
Tz. . 

. 

. 

(J\ 
r' 

Iii 



0 

' _s 
: 7 

~ 6 

C5 
111 

'· s.. 
...... 4 

-1-.1 -' l&J 2 

0 

,oo 

S HOltT C.pM P. 

loo 

200 

Subject no. 4 

385 gauss _. 1. 64 MHz 
Ti for BSL is 204 msec 
Ti for STL is 179 msec 
Ti for LTL is 263 msec 
T1 for short component 

(off scale here) 70 msec 

.300 400 
f ;m·e (msec) 

200 

Subject no. 4 

l gauss - 4.26 KHz 
T1 for BSL is 142 msec 
T1 for S!'L is 94 msec 
T1 for LTL is 186 msec 
T1 for short component 

is 45 msec 

~00 

time (msec) 

Figure 21, Typical T1 data showing the graphical analysis. 

62 



1. 0 I_ 1 . J' 1 , J I I I I I f ·1 I I I I I I I I I l I I 1 I 1 I J 1 J J J J J I { J I 

0 

0 

0 

0 0 -.; 0 
t: 
0 I Co> 0 ~ 0,1. T, I ~ I 

0 0 0 I I I 
~ T1 vs. Larmer Frequency 

Fresh Cow Blood 

O.OJI I I I I I I I 11 I I I I I I 111 I I I I I I 111 I I I I I I 111 I I 
10 5 10 4 10 5 10 6 107 

La.rmor Fre'i.uency (Hertz) 

Figure 22. Ti versus the I.armor precession frequency for cow blood. 

L 

O'\ w 



64 

Sull11l1ary 

Assuming that the nonexponential character of' t.he T1 and 'I2 dt:i.ta. is 

due to a contribution to the decay signal ·by protons in fat, the ideal 

arm for NMR studies would be one that is lea.u and can fit all the way 

into the coil,completely filling it. Though most of the water in the 

forearm is in muscle and the proportion of the forearm segment. t.h.a.t is 

. muscle is good ( around 60%), due t'o the tapered shape of the forearm the 

total muscle volume is low. One shortcoming of the human arm ss a mus

cle sample is that the degree of voluntary contraction is sms.11 and it 

would probably be di:ff,icult to see any effects of contractior.. on the 

relaxation times. However if exhaustion of the arm muscles by cutti:w.g 

off the blood supply for a short length of time would prove pra.c.'.ti::.al, 

the above would not be too much of a disadvantage. Such measurements 

were not attempted. 

Apparently the phase model for water in muscle favored by Bratton, 

Hopkins and Weinberg is inadequate. Neither of the components of the 

T1 decay are as low at low fields as their model predicts. If the long 

time aomponent is due to water in the muscle, this water may be in two 

or more phases between which there is fast exchange, but '1'1 reaches a 

plateau of about 170 msec from around 500 KHz down to at least 4.7 KHz 1 

I.armor preces-sion frequency. The interpretation of T2 measurements 

(short component about 30 msec and a long time component of 118 msec) 

in the earth's field is not clear since Bratton, et al., recorded sueh 

a low value far T2 at high fields. 



·General Remrks 

The similarity of T1 fi.eld dependence of' blood. to th15,t of muscle is 

int,eresting. If in the muscle ·the water molecules associe:t.ed w'~·~t OT in 

close proximity to any cell substructure constitute a. phase, then tihe 

major phsses present in the muscle would probably be those assocfa.t:ed 

with the cell membrane and with the myofibrils, since these !Il/!i,ke up 

the bulk of solid matter in the muscle. Both of these structures play 

a major role in the process of contraction. The author feels that it 

would be instructive to make T1 field dependence measurements on both 

whole bl-ood and plasma, Any difference in the results rrrr.tst be ac·cou.ni.-f.'tl 

for by the presence or absence of the red blood cells. It might there

fore be possible to relate a solid-like phase to those ·water molecules 

that are, for instance, in the cell walls of the erythrocytes. 

In regard to the apparatus, certainly a coil of larger core dj_a.met-er 

is needed, A core diameter of four inches would proba.bi.y be big enough 

to admit the average arm. It would also be good to have a skin electrode 

that could be taped on the subject to ground him, The windings of' the 

coil core definitely need to be sealed water tight with some &b:r"6sive··· 

resistant compound; though all sessions were carried out in the earJ_y 

morning or the evening, the subjects• arms sometimes perspired. This was 

due as much to the fa.ct that the polarizing coil got hot after a. period. 

of time as from the heat of the day. Though the a.rm was always separ6,ted 

from the windings by a cloth, the subject occa.siomlly got shocked. More 

important from the standpoint of the experiment., this moisture apparently 

greatly reduced the Q of the coil, and therefore the gain of the system, 
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This probably accounts for the dis~repancy in signal amplitudes measured 

on these.me subject on different occasions. 
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APPENDIX 

DEVELOPMENT OF AN EXPRESSION FOR THE Q Of' A COIL 

The following circuit was used for Q measurements of' the coils 

( see page 17): 

R 
C l 

The e~uivalent circuit for the c•pacitor and inductor in parallel 

and with the oscilloscope across the tank was considered to be the fol-

lowing: 

C L 

I' 
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C = tuning capacitor 
RP= effective shunt resis
tance of tuning capacitor 
and X 

· RP = -f where 6 = dissipa-

tion factor for the tuning 
capacitor 
L = inductance of coil 
r. = lumped ac and de re
sistance of coil 
C8 = self-capacitance of coil 
R10= input resistance of a 
voitage measuring 



Total. impedance into which the signal generator i'eeds is 

Zcircui t = f: + z where 

z = XcXc~R~1n+ XcXc 6Rp(Xt+r)+XcXc/tnCXt+r)+ XcRpRinCXt+r)+ Xc~pRi:0,(XL+r) 

eq. ( 1) 

The capacitive reactance of the circuit is and if the cir-

cuit is at resonance so that 

then the expression for z can be put into the following form: 

~L2 - JrXt_] RpRin 
z (at resonance) = zr = ---------------..... 

;R~in + (Rp+R1n) J:xL 2 - JrxrJ 
eg_. (2) 

If the coil has a high Q so that oL » r then the iIIaginary terms can 

be dropped and eq. (2) becomes 

XL 

X 2 
L 

Q = r'"'" where Q is the true value for the coil, 

results in the expression: 

Ma.king the substitution Xe= R. 
6 p• 

eq. ( 3) 

XL 
Solving eq. (3) for '.'l'"" 

= Q. 

which is the expression given in the text for calculating the coil Q 

with the relative voltages across Rand zr measured. 
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